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PREFACE 


The author had three objectives in mind in writing this book. 
The first was to give to the undergraduate or graduate student in 
engineering a broad but concise outline of the art and science of 
metallurgy, with the hope that this outline will afford a sound 
understanding of the important characteristics of the metals he 
will use. The second and equally important objective was to 
summarize the present str tus of metallurgy for older engineers 
who, in the years they haji^beey^racticing their profession, have 
lost touch with advances in metallurgical thought and who may 
not be familiar, therefore, with all of the recent developments in 
metal prooucts. The third objective, v/hich is probably as im- 
portant as the other two, was to survey the whole field of ferrous 
and non-ferrous metallurgy, with especial attention to structure 
and properties, for the benefit of those in the metal industries 
who either have not had the advantage of a broad fundamental 
training or have been working in such a narrow orbit that they 
too have lost touch with developments in metallurgical fields 
other than their own. 

Keeping up with metallurgical developments in all branches 
of the art, as reported in the technical literature of the world, 
is practically impossible for those actively engaged in the manu- 
facture, processing, or the industrial use of engineering metals 
and alloys; it can be done effectively only by those who have the 
time, in other words, by those who are fortunate enough to spend 
their days in the “cloistered halls of learning,’' in research insti- 
tutes that do not need to worry about profit and loss, or in edi- 
torial sanctuaries where papers describing “recent developments” 
pass over their desks. For the thousands of individuals, therefore, 
who work with or who use metallic materials and who cannot 
possibly find time to read everything, summaries have a well- 
defined place in the scheme of things. 

The method of attack used in summarizing ferrous and non* 
ferrous metallurgy in 400 pages and the relative space given to the 
various subjects evolved from the author’s experience- and the 
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experience of his coworkers, Samuel Daniels, R. R. Moore, D. M. 
Warner, and Lt. (now Col.) A. J. Lyon— at Wright Field, in teach- 
ing metallurgy and metal testing to officers of the U. S. Army Air 
Corps (most of whom were graduate engineers), with the addition 
of valuable advice from friends who have been, or are, teaching 
metallurgy or engineering in colleges and universities. Because 
this book is written primarily for engineers, much of the avail- 
able space is devoted to the art of metallurgy; there is little on 
the science because it is believed that the reader at whom this book 
is aimed is not likely to be more than casually interested in the 
mental gymnastics of physical metallurgy. Pole figures and Laue 



diffraction patterns make pretty pictures, and long differen- 
tial equations of free energy give such an air of dignity to the 
printed page that the temptation to use them is strong, but they 
butter no parsnips nor do they improve the design of a bridge or 
increase the performance of a dive bomber. 

A conscientious effort has been made to keep the text of this 
book as accurate as possible. In attempting, however, to outline 
ferrous and non-ferrous metallurgy in 100,000 words, shortcom- 
ings are inevitable, and the author will appreciate it if his atten- 
tion is called to any, either explicit or implied, which may be 
apparent to the reader. A conscientious effort was also made to 
keep the text as elementary as possible. The accompanying 
graph gives an idea of the relative ease with which an engineering 
student, or a graduate engineer who has forgotten most of his 
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college metallurgy—if he ever had any— can absorb the subject 
matter. It is unfortunate that the various phases of ferrous and 
non-ferrous metallurgy do not lend themselves readily to more 
equitable treatment. It might be added, however, that the most 
dififtcult chapters of this book are relatively easy when compared 
with some of the subjects taught to second- and third-year college 
students. 

It is a privilege to acknowledge here the splendid assistance 
given by a number of the author's friends in reviewing and com- 
menting frankly upon the various drafts of the manuscript. The 
whole text, including the questions and the bibliography, was 
read and criticized by Dr. Francis M. Walters, Jr., Chief Metal- 
lurgist, Naval Resear< ht Laboratory, and by John S. Marsh, 
Physical MetallurJji a, Alloys of Iron Research. Dr. R. H. Aborn, 
Reseat ch Metallutgis|, J. S. Steel Corporation, and Dr. G. B. 
Waterhouse, Professor of Metallurgy, Massachusetts Institute of 
Technology' iv. viewed most of the chapters on ferrous metallurgy, 
and Dr. Cyril Stanley Smith, Research Metallurgist, American 
Brass Conipany, and E. H. Dix, Jr., Chief Metallurgist of the 
Aluminum Company of America, reviewed the chapters on non- 
ferrous metallurgy. The chapters on precipitation hardening 
and on light alloys were also read by Drs. W. L. Fink, L. K. Jetter, 
D. W. Smith, and J. J. Bowman, research metallurgists of the 
Aluminum Company of America. The chapter on cast and malle- 
able iron was reviewed and criticized by Dr. James T. MacKenzie, 
Chief Metallurgist, American Cast Iron Pipe Co., and the chapter 
on effect of temperature was reviewed by Dr. H. W. Gillett, 
Technical Advisor, and H. C. Cross, Metallurgist, of Battelle 
Memorial Institute. 

Sincere thanks are also due to the numerous individuals, com- 
panies, and publishers of technical journals and books who sup- 
plied or permitted the use of data or illustrations. Acknowledg- 
ment of the original source of the material so used is made in 
the text or in the captions of the illustrations. All photomicro- 
graphs not otlierwise credited were made by John Hester and 
Clifford McMahon in the author's laboratory at Wright Field. 

Frank T. Sisco 

New York 
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Chapter i 


METALLURGY AND ENGINEERING 

The first use of metal by man was an important step forward 
on his long road tf> a higher civilization. Before that time he 
led a precarious existeru:^ living in caves or other equally rude 
habitations and deh ndin^ himself and his family from maraud- 
ing enemies, both loiir- and two-footed, with wooden clubs or 
spears tipped with bone or shell. His food was obtained by 
wooden or s*on:: weapons or by grinding grain between slabs 
of stone. 

The date of man’s first use of metal is uncertain; in some parts 
of the world it was at least 10,000 years ago, in other parts less 
than a thousand. There is little doubt that his first useful metal 
was native copper; gold and copper are the only native metals 
which are widely distributed, but gold is too soft for use as either 
a weapon or a tool. Copper, however, is readily hardened by 
hammering cold and even if copper alloys or iron are unknown, 
copper can be made to serve, both for weapons and tools, much 
more effectively than stone. 

From the use of native metal to the deliberate reduction of 
an ore by carbon is a long step, and it is probably the most 
important advance that homo sapiens made after he began to use 
fire. The date of this forward step varies widely in different 
parts of the world: on or near the eastern shores of the Mediter- 
ranean it probably occurred between 4000 and 5000 b.c.; on the 
North American continent, however, native copper was the only 
metal known to the Indians until the Europeans arrived about 
400 years ago. 

One of the major unsolved problems of archeology is how 
man discovered the method of reducing a metallic oxide or other 
compound with carbon to produce the metal. The best guess is 
that the first reduction was accidental: stones consisting chiefly 
of copper oxide or carbonate were used in the construction of a 

I 
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primitive hearth or campfire; the heat of the fire and the carbon 
in the charred wood reduced the ore to metal, which was dis- 
covered and identified as the same as the native metal with which 
man had long been familiar. Even if this explanation is correct, 
it was still a long step before man could perceive that a relation 
existed between cause and effect— between a particular kind of 
stone, the charred logs and the fire— and could produce metal 
intentionally. The first man to recognize this relation was the 
first metallurgist, and he was one of the most important indi- 
viduals in the long history of mankind. 

I. The Field of Metallurgy-Metallurgy is an art and a science. 
It is the art of extracting metals from their ores, refining them, 
and alloying them with one another and with certain non-metals 
to produce thereby a variety of metallic materials which, owing 
to their wide range of useful properties, are, for many purposes, 
more valuable to man than the individual metals themselves. It 
is also the art of shaping, or otherwise treating, metals and alloys 
to form objects and structures^ useful to a complex industrial 
society. It is the science of the constitution and internal struc- 
ture 2 of metals and alloys, and of the relation of composition and 
structure to properties, and of the laws, theories, and hypotheses 
which purport to explain this relation. 

Metallurgy is commonly divided into two branches according 
to the science with which its various fields are most closely allied: 
chemical or process metallurgy, including the numerous extrac- 
tive and refining processes such as reduction of ores, refining and 
purification of metals, manufacture of alloys, and the operations 
involved in mechanical and thermal treatment; and physical 
metallurgy or metallography, which includes constitution and 
structure of pure metals and of alloys, and all the factors which 

1 Readers who have an engineering training should be careful not to 
confuse the engineering and the metallurgical meaning of the words structure 
and structural. Structure as an engineering term means “that which is con- 
structed; a combination or aggregation of related parts as in a building or 
machine.*’ Structure as a metallurgical term means “the arrangement or 
union of the component parts in a metal or an alloy.” Generally, in speaking 
of the structure of a metal or an alloy, it is implied that a section has been 
specially prepared and treated so that the structural units making up the 
metal or alloy can be studied. When the words structure or structural are 
used in this volume the meaning should be clear from the context. 

*See footnote i. 
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affect the structure and constitution and thus control the physical 
and mechanical properties. 

Metallurgy, therefore, is closely allied to chemistry and physics. 
It is also closely related to engineering through the mechanical 
and other properties of metallic materials which fit them for 
engineering use. Metallurgy is, in fact, so closely related to 
chemistry, physics, and engineering that until recently it had, in 
some large universities, no department of its own; courses in 
various branches of metallurgy were given as part of the curricula 
in the departments of mining, physics, chemistry, and mechanical 
engineering. 

Engineers are interested primarily in having readily available 
materials with properties that permit the design of structures and 
machines of satisfactory safety, utility, and durability. It is the 
job of Uie metallurgist: to provide metallic materials which will 
meet the engineers' requirements economically. If this were the 
only liaison between metallurgist and engineer, it could hardly 
be claimed ;hat the relation is close. Far more important, how- 
ever, is the job of the metallurgist to point out and even to 
emphasize the factors which may affect the properties of a metal 
or an alloy and which may make a metallic material especially 
suitable or entirely unsuitable for a particular structure or 
machine. These factors may be differences in the process by 
which the metal or alloy is made, worked, or treated, or they 
may be inherent in the structure and constitution. The im- 
portance of these factors makes metallurgy as closely akin to 
modern engineering as it is to physics and chemistry. 

2. Metallurgy as an Art—The art of extracting metals from 
their ores and working them into useful objects is a venerable one. 
Our forefathers, as indicated on a previous page, produced their 
first metal— undoubtedly copper— by reducing the ore with char- 
coal or other carbonaceous material at least 6000 years ago. The 
art of shaping metals by mechanical work is as old or even older. 
It is more than likely that early man knew that metals were malle- 
able long before he knew enough so that he could deliberately 
reduce a metallic oxide. When the pyramids were built in ancient 
Egypt man was doubling the strength and hardness of his copper 
tools by hammering them cold, and almost as soon as he was 
working his copper he was annealing it to restore the ductility so 
that it could be forged into smaller sections. 
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It did not take man long— as time is measured in ancient his- 
tory— to discover that by adding one part of a certain stone (tin 
ore) to lo or 15 parts of another stone (copper ore) and by heat- 
ing the mixture with some form of carbon, he could produce a 
metal which was as strong or stronger and as hard or harder than 
his hammered copper, and that by hammering his new metal 
he could make a tool or weapon at least twice as valuable as any- 
thing he had possessed before— or anything his neighbor possessed, 
which was more important. History tells us nothing about the 
beginnings of thermal treatment of metals and alloys other than 
annealing, but it is reasonable to assume that very soon after man 
learned he could soften cold-worked material by slow cooling 
from a high temperature he would have wanted to see what hap- 
pened if the metal was cooled quickly. Little would happen, 
of course, until early man began to use iron containing carbon. 
The date of this has been hotly disputed, some authorities main- 
taining vigorously that the pyramids could not have been built 
without hardened high-carbon steel; others claiming with equal 
vehemence that iron was not used until about 1 200 b.c., and that 
heat-treated carbon steel came much later. 

Establishing approximate dates for the beginning of the arts 
of metallurgy, including alloying, mechanical treatment, and heat 
treatment, and marshaling arguments in support of one's choice, 
are an interesting pastime but are certainly not worth extended 
discussion in a treatise on modern metallurgy for the engineering 
profession. The important fact is that knowledge of these pri- 
mary operations is very old and that, as a consequence, it may be 
taken for granted that the art is well developed. 

3. Metallurgy as a Science— Metallurgy as an art is a sage old 
man who impresses everyone with his wisdom; metallurgy as a 
science is an infant still in his swaddling clothes and with a world 
full of trials and tribulations yet to be faced. Because man is a 
practical animal concerned first of all with improving his own lot 
and establishing a steadily increasing superiority over animate 
and inanimate nature, he has accumulated much utilitarian 
knowledge about metals and alloys in the last 3000 or 4000 years 
—how to produce them economically and how to secure the most 
useful properties. In other words, he knows a great deal about 
the effects of the various chemical and physical reactions entering 
into metallurgical processes, but he has paid very little attention 
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to the causes, the underlying fundamentals which are, in the Iasi 
analysis, the controlling factors in understanding the nature of 
metallic materials. He is an expert in the art but a tyro in the 
science. 

It is, of course, unjustified to be too critical because the science 
of metallurgy got such a late start. Until about 75 years ago it 
had neither the methods for exact chemical analysis, nor the metal- 
lurgical microscope, nor the X-ray with which to work. Until 
tools were available for the study of the internal structure of 
metals, little could be done. The science of metallurgy really 
began when Sorby, a British scientist, reported in 1864 the results 
of his investigations on the use of the microscope to study the 
structure of meteoric iron. This was followed by studies in the 
same general field by Martens in Germany, reported in 1878. 
The work of these two scientists, however, aroused little interest 
at the time, and nothing further was accomplished until Sorby 
showed to tlie British Iron and Steel Institute in 1886 some photo- 
micrographs of iron and steel. This aroused much interest in the 
internal structure of metals, and from 1890 to 1920 many dis- 
tinguished metallurgists devoted themselves to developing a 
science of physical metallurgy. 

The paramount early problem of metallurgy, which fairly cried 
for solution, was that of the hardening of steel— why steel contain- 
ing considerable carbon was soft when cooled slowly from a red 
heat but hard when cooled rapidly from the same temperature. 
This problem occupied most of the workers in the science of 
metals for more than two decades. Despite the efforts of many 
brilliant minds, which resulted in a volume of published litera- 
ture that amazes present-day metallurgists, little that was wholly 
decisive was accomplished until confirmatory X-ray crystal- 
lographic methods came into use about 30 years ago. Although 
some cynics say that the X-ray has created more problems than 
it has solved. X-ray crystallography has been a useful tool in the 
study of the structure of metals and the constitution of alloys. 

In the past two decades the science of physical metallurgy has 
changed remarkably. Always closely related to chemistry and 
physics, it has been greatly aflEected by the revolution that has 
occurred in th^ two sciences since 1920. The gap between 
chemistry and physics has been largely eliminated, and, as these 
sciences came together, the science of metallurgy changed ttovn 
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simple speculations on the structure of metals and alloys, as 
affected by composition or mechanical or thermal treatment and 
as observed by the microscope, to speculations which involve such 
complex abstractions as spinning electrons, statistical mechanics, 
electromagnetic theory, quantum theory, wave mechanics, and 
thermodynamics. 

Present-day physical metallurgists are inclined to smile con- 
descendingly at the battles over beta iron, cement carbon, and 
amorphous metal which filled the transactions of the metallurgi- 
cal societies 20 or 30 years ago. It is not at all certain that even 
broader smiles will not be in order 20 years from now over the 
discussions of free energy, entropy, and mosaic structure which 
are filling our journals at the present time. Especially apropos 
in this connection are the words of a venerable man of science, 
Sir Ambrose Fleming, who presented a paper to the first meeting 
of the Physical Society of London in 1874 and who, in a recent 
address to the same body of scientists on “Physics and Physicists 
of the Eighteen Seventies," ^ summarized his 70 years of experi- 
ence by saying: 

When we come to look back then on the world of physicists 
during the eighteen seventies, what we find is that their inven- 
tions, discoveries of fact, and ascertained principles remain with 
us today of permanent value, forming part of our useful knowl- 
edge. But their theories and speculations as to underlying causes 
and nature have nearly all passed away. Perhaps it will also be 
the same with our present-day work. If some sixty years hence 
a fellow of the Physical Society gives a talk on the physics of the 
nineteen thirties, he will have to record the great additions then 
made to knowledge of physical facts. But he may also have to 
say that our explanations and theories concerning them have all 
vanished, or at least been replaced by others also destined in turn 
to pass away. 

Life, never a bed of roses for the metallurgist who tries to keep 
abreast of important developments in his field, would be far 
simpler if research workers would spend more time seeking out a 
few of the thousands of facts still needed to fill the gaps of metal- 
lurgical knowledge, and less time in spinning webs of ephemeral 
theory upon the pages of our technical journals. 


^Nature, v. 143, 1959. pp. 99-102. 
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4. Metallurgy and Engineering— Until 25 years ago there was 
little need for the engineer to know anything about metallurgy 
since untreated carbon steel, hot rolled or cold drawn, was used 
for at least 95 per cent of steel structures and machines. The 
engineer was interested primarily in four properties—tensile 
strength, yield point, elongation, and reduction of area— and in 
having available an ample supply of cheap steel which, in addi- 
tion to meeting specifications for tensile properties, would ma- 
chine easily and fabricate readily. It was considered sound engi- 
neering practice to build machines and structures that would 
carry a much higher load than was anticipated; weight was 
synonymous with quality, and the heavier the structure the bet- 
ter the design. High factors of safety were used; consequently 
slight variations in quality, such as structural inhomogeneity, 
surface irregularities, and numerous others, made little or no 
difference in designing. 

This is no longer true. In the past 20 or 50 years weight and 
the strength-weight ratio (tensile strength divided by specific 
gravity) have become very important. Under the leadership of 
the automotive and aircraft industries engineers have come to 
realize that excess weight not only indicates poor design, but is 
an inexcusable economic loss. The experience of the automotive 
and the aeronautical engineer in designing light-weight structures 
and machines stimulated similar efforts in other fields of engi- 
neering. This is shown by the recent developments in machine 
tools, in light-weight railway rolling stock, and even in bridge 
and building structures. 

It is, of course, self-evident that the present-day emphasis on 
light weight in engineering design as exemplified by the auto- 
mobile, airplane, and the streamlined train is directly related to 
the development of new types of steels and light non-ferrous 
alloys and to new treatments for these materials. It is a moot 
question whether the metallurgist or the engineer was responsible 
for most of this development. Enthusiastic metallurgists insist 
that engineering progress has been t he direct result of metal- 
lurgical progress; jthat e^neers only improved their tools, ma- 
chines, and structures because metallurgical art and science had 
produc ed new mecallic^materials for the engineer to use. There 
is no doubt that many engineers are too ^nsen^ative and that 
engineering progress has at times lagged behind progress in metal- 
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lurgy. On the other hand, examples could be cited where the 
metallurgist did not improve his product until insistent engi- 
neering demand forced it upon him. A discussion whether this 
advance was pioneered by the metallurgist or the engineer is as 
futile as arguing whether the egg or the chicken came first; the 
essential fact is that important changes have taken place and 
that the engineer should know something of the metallurgical 
progress that has accompanied his changes in design. 

It is, therefore, the object of this book to outline the recent 
developments in metallurgical art and in metallurgical science. 
This does not mean that there are long descriptions of melting 
and refining, or of mechanical and heat treatment, or of thermo- 
dynamics and wave mechanics; it does mean, however, that suffi- 
cient details of the present state of metallurgical art and science 
are given so that engineers should recognize the importance of 
the variables, inherent in the manufacture and treatment of metals 
and alloys, which atfect the engineering properties and the suit- 
ability of these materials for engineering applications. Thus, 
mosaic structure is properly left unmentioned, but precipitation 
' hardening is discussed in some detail; thus, the mechanism of the 
deoxidation of steel by aluminum is, happily, passed over, but the 
effect of grain size on the structure and the properties of steel 
receives considerable attention. 

5. Metallic Materials Used in Engineering-Metals and alloys 
are used by man because (1) they fulfill his requirements in cer- 
tain applications more economically than any other material or 
because (2) they give to man an esthetic or some other special 
satisfaction which makes their cost of minor importance. In gen- 
eral, the cost of a metal has no fixed relation to its utilitarian or 
esthetic value. Platinum is used in industry for certain specific 
purposes because no substitute is known; in jewelry, however, it 
may compete with white gold and silver. Its use for ornament, 
therefore, depends wholly upon the personal satisfaction the in- 
dividual receives from owning it. 

When relatively large tonnages of a metallic material are re 
quired, the cost is important only when two or more competing 
materials fulfill the requirements equally well. If one metallic 
material costs more than another, its use is justified if its prop- 
erties for a specific application are so much superior to the 
properties of the other that its net cost is lower than the cost 
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of the competing material. In judging the relative merits of 
competing materials the nature of the specific application is the 
most important variable, as a given material may be economical 
under some conditions and very costly under other conditions. 
This, however, is well known to most engineers and need not be 
enlarged upon. 

Of the 92 chemical elements, more than half are classified as 
metals, and of these about 40 are of industrial importance. The 
pure metals have a wide range of properties, but with a few 
exceptions none of them is so valuable to an industrial civiliza- 
tion as the alloys, The thousands of known industrial alloys 
may be divided into three groups: (1) the iron-rich alloys con- 
taining more than 50 per cent iron, and including the unalloyed 
carbon steels and cast irons and all the alloy steels and alloy cast 
irons; (2) the heavy non-ferrous alloys containing copper, zinc, 
nickel, lead, or tin as the principal metal; and (3) the light non- 
ferrous alloys, based upon the light metals, aluminum and 
magnesium. 

Tlie iron-rich alloys are, as everyone knows, the foundation of 
our machine civilization. Steel and cast iron possess such a 
favorable combination of properties and low cost that they have 
been the preeminent engineering material for nearly a century 
and probably will remain in this role indefinitely. This is shown 
by Table 1 ^ which gives world production of pig iron and all 
of the non-ferrous metals combined. Pig iron is the basic raw 
material for the manufacture of steel which, on an average, is 
melted from a charge containing 60 to 70 per cent pig and 30 to 40 
per cent scrap steel. 

Non-ferrous metals are not close industrial competitors of 
steel and cast iron, but their use is increasing. Between 1900 
and 1915 the production of pig iron was about 20 times that of 
all the non-ferrous metals combined. This has decreased steadily 
(Table 1), until at present the ratio is only 15 to i. The leaders 
of the non-ferrous metals are copper, lead, and zinc; the use of 
aluminum, however, is increasing, and it seems likely that before 
long it may be the first of the non-ferrous metals in Industrial 
importance. ^ 

^ Based upon a chart by Zay Jeffries, Metal Jan. 1995, p. so. 
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Table i . World Production of Pig Iron and Non-ferrous Metals 



Production , millions of metric tons 

Ratio , 

Period 



lb . of pig iron for 


Pig iron 

Non-ferrous metals 

I lb , of 

non-ferrous metals 

1900 to 1904 

218 

10.9 

20.0 

1905 to 1909 

284 

13.3 

21.4 

1910 to 1914 

344 

16. 1 

21.4 

1915 to 1919 

326 

17.8 

18 .4 

1920 to 1924 

293 

15.9 

18.5 

1925 to 1929 

425 

25.1 

17.0 

1930 to 1934 

280 

20.0 

14.0 

1935 to 1939 

445 

29.6 

15 0 


6. Recent Trends in the Metal Industries—Since the manu- 
facture of metallic materials is classed as a capital-goods industry, 
it is more affected by economic conditions than are the utilities, 
textiles, foods, and other consumption-goods industries. For 
many years the manufacture of the metals— especially iron and 
steel— has been known as a prince-or-pauper industry: it is either 
riding a high crest of prosperity or is plunged deep into the 
trough of depression. This is evident from a comparison of steel 
ingot production in the United States for two years: 61.5 million 
tons in 1929, and only 15 million tons in 1932. 

The curves for the year to year production of steel and other 
metal products may show an erratic course, but, if these statistics 
are analyzed mathematically over a period of years, certain defi- 
nite trends are evident. Until about 20 years ago the trend for 
the production of metallic materials in the United States was 
steadily upward; the production or, more accurately, the con- 
sumption of metals per capita increased greatly each decade. 
This is no longer true; the trend curve has flattened out, and in 
the case of steel it has turned slightly but distinctly downward. 
There are several reasons for this. In the first place, building 
a machine civilization in the United States is practically com- 
plete. Moreover, the age of the population has increased to the 
point where a large part of the country’s income, formerly spent 
in building new things for the young, must be spent in support- 
ing the old. In the second place, marked advances in metallurgi- 
cal art have increased the life expectancy of the metallic mate- 
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rials used by industry, and the structures and machines made 
from them, at least 50 per cent. 

There is nothing in sight which warrants the assumption that 
the trend line will turn upward in the future.® It is unlikely that 
any new industries will increase the total metal consumption in 
this country. Despite many statements to the contrary, the auto- 
motive industry has had no effect on metal consumption. In 
fact the total amount of metal going into all forms of transporta- 
tion has actually decreased in the past 20 years. Types of steels 
have changed and large tonnages have been transferred from 
railroad construction to automobiles, and from railroads to pipe 
lines, but the total amount has declined. 

7. Effect of Changes in the Metal Industries on Metallurgi- 
cal Art and Science-*The leveling off of the trend line of metal 
production and consumption has been accompanied by very great 
changes in metallurgical art and science and is evidenced by a 
marked improvement in the quality of metallic materials. Con- 
sumers are demanding and the steel industry is supplying “tailor- 
made steels” of higher quality, for the same price paid for the old 
“hit-or-miss-take-it-or-leave-it” product of a decade or two ago. 
To old requirements for chemical composition and mechanical 
properties have been added new requirements for grain size, 
internal cleanness, better surface, and homogeneity, to which the 
steel mills (after a hard struggle in some cases) are conforming. 
More than $350,000,000 has been invested in the past ten years in 
rolling equipment for sheet and strip so that these products would 
be higher in quality and lower in cost. 

6 Despite the large increase in steel production in the past three months, 
this statement is still true. While this book was on the press, considerable 
space in newspapers and popular magazines has been devoted to prophesies 
of an impending shortage of steel-making capacity, based upon estimates by 
Government economists, and made on the assumption that steel consump- 
tion increases directly with national income. Aside from the fact that these 
estimates contain enough errors to throw doubt on the data obtained, they 
are the result of statistical gymnastics which are of questionable validity, 
to say the least. If from present production are deducted the tonnages being 
used for national defense, for export to Great Britain, and those being 
bought by other consumers who are hysterical over the possibility of a short- 
age— all of which are temporary stimuli— domestic civilian consumption per 
capita is probably no greater now and probably will be no greater in 1942 
than it was in 1938 or 1939. This has been discussed recently by 
T. W. Lippert (The Iron Age, Jan. 23, 1941, p. 21). 
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Low- and high-alloy steels have been developed which bid fair 
to revolutionize railway equipment by saving 30 to 50 per cent in 
dead weight. Machine tools have been reduced in weight and 
increased in efficiency, and by means of the hard carbides recently 
developed it has become possible economically to machine mate- 
rials that had to be ground a few years ago. Machine parts built 
up from sheet and strip by welding are replacing forgings with 
marked savings in cost. On the other hand, new cast ferrous 
alloys of low damping capacity are replacing more expensive forg- 
ings for crankshafts and camshafts. The perfection of welding 
processes in the aircraft and automotive industries has led to the 
use of this method of fabrication in building construction and 
shipbuilding with savings in weight and cost. 

Metallurgical research in corrosion and its prevention has been 
a large factor in increasing the life expectancy of metals, especially 
steel. Similar research in the mechanism of quenching has re- 
sulted in new standards of quality and performance in heat- 
treated steels and may in the near future have an important effect 
on the quality of steel for which the only treatment is cooling 
after rolling. 

Although the development in ferrous metallurgy has been out- 
standing, developments of great importance have occurred in the 
non-ferrous field. One of these is the clarification of the mecha- 
nism of precipitation hardening and the application of this 
method of treatment— long used for aluminum alloys— to other 
alloys which are finding important, if limited, industrial applica- 
tion. In the light-alloy field, forgings considered impossible a few 
years ago are now produced in large quantities. High-strength 
aluminum alloys are used increasingly in construction; stream- 
lined trains of these materials are competitors of the much pub- 
licized stainless steel streamliners. In aircraft the use of high- 
strength aluminum alloys, always important, doubled between 
1937 and 1939. The problem of intercrystalline corrosion has 
been practically solved by Alclad and other methods of protec- 
tion. Aluminum alloys are becoming active competitors of 
bronze and stainless steel for architectural trim. 

In the field of pure metals, development has been no less note- 
worthy. Copper of an average purity of 99.96 per cent is a com- 
mon industrial product and of 99.99 per cent is readily available. 
The purity of commercial zinr and lead has been stepped up to 
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99.999 and 99.995 per cent respectively. Commercially pure iron 
commonly contains 99.93 to 99.95 per cent iron. 

In many other fields, as for example die casting and powder 
metallurgy, advancement has been equally outstanding. It would 
take a dozen pages even to list the more important developments 
in metallurgical art and science in the past 10 or 15 years. It is 
sufficient, however, to list the foregoing developments briefly as 
examples of what has occurred, and to note that these and the 
others not mentioned here are discussed in more detail in the 
other chapters of this volume. 

8. Trade Names, Nomenclature, and Specifications in the 
Metal Industries—One of the evils or virtues, depending upon 
one's viewpoint, of an economy based on profit is the wide use of 
trade names and the constant, and usually obnoxious, effort to fix 
these trade names in the purchaser's mind by advertising. There 
is undoubtedly a plethora of trade names in the metal industries, 
far too many in the opinion of many metallurgists and engineers, 
but certainly in this respect the metal industries are no worse and 
probably not so bad as some of the other large fields of business. 
In advertising, the metal industries have, in the past, been excep- 
tionally modest; in the trade papers and in catalogues and hand- 
books the data presented as a part of advertising are nearly always 
so accurate that technical writers frequently cite them as authori- 
tative. In the popular press metal advertising is still in its in- 
fancy and, in comparison widi such products as automobiles, 
radios, household appliances, and especially foodstuffs and cos- 
metics, advertisements for metals are models of propriety and 
truthfulness. 

Those products of the metal industries that are manufactured 
in large tonnages and at relatively low cost are seldom sold under 
trade names. These common and well-standardized products are 
made and purchased under specifications with definite require- 
ments for chemical composition, properties, and— in some cases— 
structure. After careful consideration by manufacturers and 
users, these specifications are drawn up by technical societies such 
as the American Society for Testing Materials, the Society of Auto- 
motive Engineers, the American Society of Mechanical Engineers, 
the American ‘ Standards Association, and others, and by large 
consumers such as the U. S. Army, U. S. Navy, automotive and air- 
craft manufacturers, bridge and shipbuilders, the railroads, and 
many others. 
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Metal products which have been introduced recently, or which 
are used in a few special applications, or which are manufactured 
in small quantities, usually under rigid control of all manufactur- 
ing processes, are often made and marketed with distinctive iden- 
tifying names. Included in this class are some of the recently 
introduced low-alloy structural steels and some copper-rich, 
nickel-rich, and aluminum-rich alloys, stainless and other special- 
purpose high-alloy steels, tool and other special unalloyed steels, 
and a few others. 

There are many manufacturers of metal products who for 25 
years or more have tried conscientiously to produce a uniform 
high-quality material which is sold at a fair price, and who have, 
therefore, succeeded in making a trade name stand for a reliable 
high-quality product. This practice has been widespread in the 
manufacture of tool steels. As discussed in Chapter 15, it is 
very difficult to evaluate accurately a tool for a specific machining 
operation by any acceptance test; drawing up rigid specifications 
for the purchase of tool steel is impracticable, if not impossible. 
As the result, large quantities of tool steel are purchased by brand 
name alone and are used with perfect satisfaction. 

The chief, and probably the only, advantage of purchasing a 
steel or a non-ferrous alloy by its trade name is that there is rea- 
sonable assurance that the lot purchased today will be of the same 
quality as that purchased a year or ten years ago, and that if a 
certain branded material gives satisfaction for a certain purpose 
today, it probably will give equal satisfaction tomorrow. Most 
metallurgists do not object to trade names so long as they are 
not confusing or misleading. Unfortunately, however, many of 
them have been used in the past, and are being used at present, 
which are both. These are a nuisance to metallurgist as well as 
engineer. It is certainly confusing, for example, to call a cast 
iron “semisteer' because some steel scrap was used in the cupola 
when the cast iron was melted, and it is equally misleading to call 
a copper-zinc alloy a “bronze” because its color is approximately 
the same as the color of some copper-tin alloys. In this connec- 
tion, Mathewson ® has said with much justification: 


«C. H. Mathewson in Modern Uses of Non-ferrous Metals, American In- 
stitute of Mining and Metallurgical Engineers, New York, 1935, Chapter 
Vll, p. 118. 
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Except for commercial preferences reaching all the way from 
the proprietory right of a manufacturer to supply his customer 
with his own carefully branded, often commonplace product, 
which may be just like that of his competitor produced under 
another name, to the general sense of thrift that brings competi- 
tors on the common ground of calling a brass alloy by the more 
patrician name of bronze, provided it possesses a sufficient no- 
bility of color to permit the dissimulation, the whole industry 
might well standardize on a very few mixtures. 

This confused nomenclature is regrettable, but unfortunately 
little can be done about it, as some of the names used are firmly 
fixed by years of usage. When engineers encounter an unfamiliar 
branded metallic material for which certain claims are made, it 
is well, however, to be skeptical of these claims until more infor- 
mation about the alloy, including the composition, is made avail- 
able. Frequently the manufacturer willingly supplies this infor- 
mation; if not> data on the material can usually be found by 
looking for the alloy by name in a handbook ^ or by having it 
analyzed and tested. 

7 For example, N. E. Woldman and A. J. DornbJatt, Engineering Alloys, 
American Society for Metals, Cleveland, 1936. 



Chapter 2 


THE FUNDAMENTAL STRUCTURE OF 
METALS AND ALLOYS 

If a polished bar of a metal or an alloy and a rod of glass are 
examined with the unaided eye, the surface of each appears to be 
perfectly homogeneous and continuous, differing only in the way 
in which they reflect the light. If, however, these smooth surfaces 
of metal and glass are etched lightly with a suitable chemical 
reagent and are examined with a microscope, a great difference is 
at once apparent: the surface of the glass, which is amorphous, is 
still homogeneous and continuous despite its roughness after 
etching; the surface of the metal or alloy, on the contrary, is no 
longer continuous but is broken up into an aggregation of irregu- 
larly shaped grains (see for example Fig. 3). These grains may 
be uniform and homogeneous in size and structure or they may 
vary widely in size and may be heterogeneous in structure. This 
is important, as the properties of a metal or an alloy are closely 
related to the size, shape, and constitution of its grains. 

Physical metallurgists have two methods for studying the in- 
ternal structure of metals and alloys: the microscope and X-ray 
diffraction apparatus. The microscope gives detailed information 
on the size and external appearance of the grains and usually 
considerable information on their composition and homogeneity 
or heterogeneity. The X-ray gives precise data on the arrange- 
ment of the atoms and the distances between them. Both are 
valuable tools, and their use has made possible much of our 
present knowledge of the constitution and structure of metallic 
materials and of how they affect the properties. Unfortunately, 
however, many changes in internal structure (and properties) are 
caused by reactions which cannot be followed readily because the 
particle size of the participants is below the resolving power of 
the microscope’s lenses but much above the size of the atoms. 

16 
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I here is, therefore, a large unknown land in physical metallurgy, 
between the spacing of the atoms and the arrangement and char- 
acteristics of the crystalline grains, which must be left unexplored 
until suitable equipment for its study is available. As metallur- 
gists are well aware, there are numerous alloys of apparently 
identical chemical composition and structure which are Afferent 
in properties. For the present, when such phenomena are en- 
countered, the best that can be done is to guess the cause intelli- 
gently or, better yet, to admit ignorance gracefully and frankly. 

Metals and alloys owe their importance as engineering mate- 
rials primarily to the fact that in general they combine a high 
degree of plasticity with I igh strength. Such a combination of 
properties, found in othifer class of materials, permits them to 
be shaped cheaply int(> ar ^ ide variety of products which can be 
used safely where high strength plus ability to deform under 
varying stress without rupturing are necessary. The fundamental 
basis of the strength and plasticity is found in the crystal struc- 
ture. It is desirable, therefore, to examine with some degree of 
thoroughness what is known positively about this structure. 

9. Pure Metals—In the English language the word metal is 
used in two ways. In the narrow and more precise meaning— 
which is used only in this chapter— a metal is a chemical element 
having metallic properties; in the broader, more colloquial usage, 
it signifies any material, either element or alloy, which has metal- 
lic properties. In the narrow sense the word metal has been 
defined as *‘an element which is hard, heavy, lustrous, malleable, 
ductile, tenacious, and usually a good conductor of heat and 
electricity." This is probably as satisfactory a definition as can 
be formulated concisely. It certainly is not precise, because an 
element can be soft, light, relatively dull, brittle, or weak and 
still be a metal. The qualities used to define metal are, therefore, 
those that are more or less characteristic of the group of some 50 
elements which are classed as metals. It is a matter of fact that 
some of these elements, which possess all or most of these qualities 
or in which they are very pronodneed, are more metallic than 
others which possess only a few of them or in which they are 
relatively feeble. It is also a fact that some elements possess 
so few metallic qualities that it is uncertain whether they 
should be called metals or. non-metals. Carbon and silicon 
are such elements. They are, for example, fairly good con- 
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ductors of heat and electricity and thus resemble the metals; 
they have, however, no appreciable strength nor ductility, 
and in this respect they resemble the non-metals. Such ele- 
ments, on the borderline between the metals and the non-metals, 
which cannot be classified readily as one or the otlier, are usually 
called metalloids. 

In the past 15 or 20 years the physicists have tried very hard to 
discover the basic cause or causes of the properties which are more 
or less common to the metallic elements, but with only partial 
success. Hardness, strength, and plasticity have been correlated 
with considerable certainty with the atomic architecture— with 
the way the atoms are held together and with the nature and 
strength of the bonds. An attempt has been made to correlate 
thermal, magnetic, and electric phenomena in metals and alloys 
with the presence of free or “valence*' electrons, but the result 
has not been wholly satisfactory, except possibly to the physicists 
themselves. 

The status of recent opinion on the more speculative aspects 
of the physics of metals, while interesting from a scientific point 
of view, is hardly important to the engineer who uses metals and 
alloys for tools, machines, and structures. It is important, how- 
ever, that he be familiar with what is known definitely about 
crystal structure and grain structure, and about their relation 
to mechanical properties. Such knowledge will help him to un- \ 
derstand why steel hardens when it is quenched, why a specific 
alloy steel is more ductile than an unalloyed steel of otherwise 
comparable structure, why duralumin gets stronger when it is 
quenched and aged, why high-chromium steel is rust resisting, 
why some alloys are brittle and others of almost similar composi- 
tion are tough; it will, in brief, enable him to understand more 
thoroughly the peculiarities and the advantages and disadvan- 
tages of the various metallic materials he has available. 

One of the important facts which led to the assumption that 
metallic properties are associated with a specific form of atomic 
bonding is the marked difference in the properties of a metal and 
its oxide, sulphate, or other compound. Iron oxide (Fe203), for 
example, contains about 70 per cent iron atoms, but this substance 
has none of the properties that characterize iron. The only 
feasible deduction, therefore, is that the electrons of iron atoms 
and oxygen atoms interact (form “bonds*') in a manner alto- 
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gether different from that in the pure metal. This argument 
applies equally well to similar compounds of other metals. 

10. Crystallization of Metals—If a pure metal is heated uni- 
formly, a temperature is finally reached where melting begins. If 
heating is continued, there is no rise in temperature until the 
mass of metal is completely molten. This constant temperature is 
the melting point and is clearly evident if a curve of temperature 
versus time is plotted. Upon cooling, the reverse change takes 
place: at the freezing point the temperature remains constant 
(see Fig. ^A) despite the fact that heat is being extracted from 
the metal at a constant rate, until the whole mass is solid. Under 
ideal conditions of heating and cooling the melting and freezing 
points of a pure metal occur at the same temperature. 

When a metal is molten the atoms are arranged haphazardly; 
when the metal solidifies it crystallizes, in other words, the atoms 
arrange themselves in a regular geometric pattern characterized 
by more or less perfectly formed faces intersecting at precise angles. 
As crystallization starts at a large number of centers at the same 
time, the growth of the crystals in the regular geometric pattern 
is finally halted by collision with neighboring growths. The 
process of crystallization is shown schematically in two dimen- 
sions in Fig. 1,^ and the appearance of more or less perfectly 
formed crystals of iron is shown in Fig. 2.^ The collision of the 
growing crystals with each other and with the mold wall usually 
prevents perfection of form. The result is a mass of irregular 
polygonal grains, shown for nearly pure iron in Fig. 3. Each one 
of these grains is made up of hundreds of thousands of very small 
crystals in which the atoms are arranged in definite patterns. 

The essence of the crystalline state is not only that the atoms 
^e arranged in regular, repeating geometric patterns, but also 
that the c rystal faces^ and are arranged symmetrically; in 

Other words, thatjLhej>rincipalj^nes of the crystal are oriented 
in defin ite directiom (Fig. 1). The orientation of the cr ystal 
units is the same throughout each of the grains, ^t it naturally 
3 ianges at the grain boundaries as shown in Fig 
^In all crystals, whether of metals, alloys, or crystalline non- ^ 

1 W. Rosenhain, An Introduction to the Study of Physical Metallurgy, 
Constable, London, 1935. 368 pp. 

2 H. M. Howe, Metallography of Steel and Cast Iron, McGraw-Hill Book 
Company, Inc., New York, 1916, 641 pp. 
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metals, there are planes of weakness, which have low resistance to 
shear. The presence of such cleavage planes is shown by the 
fact that failure under stress usually occurs through the crystal- 
line grains (intercrystalline) rather than by following the grain 



Fig. 1 —Schematic representation of crystallization (Rosenhain), 

boundaries (intracrystalline). If the cleavage planes of ^11 the 
hundreds or thousands of grains in a metal section were similarly 
oriented, the metal would be relatively weak. Fortunately, how- 
ever, the grains are not all oriented alike; hence, although a single 
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grain may not resist deformation very well, the whole section will 
show very strong resistance. 

The essentials of the crystalline state are therefore (i) that the 
atoms or molecules are grouped in minute geometric units like 
marching soldiers; (2) that the individual units are arranged 
symmetrically, in other words, are similarly oriented in the crys- 



Fig. 2 —Iron crystals (Howe). 


tals like companies of soldiers in a regiment on dress parade; 
(3) that there are planes of weakness in each crystal; and (4) 
that the direction of symmetry or orientation, also of cleavage 
planes, changes in different grains. These four essentials should 
be remembered as they are fundamental in explaining how the 
strength, hardness, ductility, malleability, toughness, and other 
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important properties of metals and alloys are affected by alloying 
or by mechanical or thermal treatment. Practically the entire 
science of metallurgy is based upon these four principles of crys- 
tallization; explanations of changes in structure and properties 
have as a basis a change in the form or orientation of the crystal 
unit, or a change in the form or size of the crystalline grains. 

II. Internal Structure of Crystals— The geometric pattern 
which the atoms tend to form when a metal or alloy solidifies 



Fig. 3— Polygonal grains of high-purity iron, etched, 500X. 


is known as a space lattice. Several types of lattice are recog- 
nized, three of which are the most important in the structure 
of metals and alloys. These are the cubic, the tetragonal, and 
the hexagonal, which differ in the length of the axes and in the 
angles the axes make with each other. Most of the metals are 
cubic, a few—zinc, magnesium, and cadmium are the common 
ones— are hexagonal, and only two— manganese and tin— have a 
tetragonal lattice. 

The cubic type of lattice is characterized by three axes of equal 
length at right angles to each other. Three varieties of this type 
arc common: the simple cubic lattice, which contains one atom 
at each of the eight comers of the cube; the body-centered cubic, 
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which contains one atom at each comer and one in the center; 
and the face-centered cubic, which contains one atom at each cor- 
ner and one atom at the center of eacli of the six faces of the cube. 
The simple cubic lattice is not important in metals, the other two 
are. The diagrammatic representations of the body-centered and 
face-centered cubic lattices are shown in Fig. 4. The black circles 
are the assumed locations of the atom centers, the atoms them- 
selves are presumably packed closely together. 
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Fig. 4— Schematic representation of (A) body-cen tercel and (B) face-centcrcd 

cubic lattice. 


In an actual crystal of a metal or alloy thousands of these unit 
blocks are ioined together. In the body-centered lattice each of 
the corner atoms is shared by seven other cubes. There are, 
therefore, a total of eight cubes to each atom. Hence the body- 
centered lattice contains the equivalent of one whole corner atom 
and one whole body atom, or a total of two. In the face-centered 
lattice each of the six atoms in the faces is shared by one other 
cube. This lattice has the equivalent of one corner atom and 
three face atoms, or a total of four. 

The properties of a metal depend to a considerable degree upon 
the type of lattice, upon the distance between the atoms and 
upon the way in which the various planes which intersect the 
edges of the lattice are populated by atoms. As a general rule, | 
the metals with a face-centered crystal structure are more ductile j 
than those that are body-centered. 

Our knowledge of the internal structure of metals, how the 
atoms are spaced in the lattice, of the distances between them, 
and how these are affected by alloying and by mechanical and 
thermal treatment is due to the discovery by von Laue in 1912 
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that the collections of atoms in the planes of the crystal act as a 
diffraction grating for X-rays of certain wave lengths. In the 
past 25 years extensive use has been made of X-ray diffraction as a 
means of attack on the problems of physical metallurgy. 

12. Allotropy— In chemical terminology allotropy— or poly- 
morphism— is the occurrence of an element in two or more modifi- 
cations differing markedly in properties. Carbon is the most 
familiar example of such an element. It occurs in nature as the 
hard crystalline diamond and as soft, flaky, crystalline graphite. 
The third form is amorphous (non-crystalline). In this state it 
occurs in coal, coke, charcoal, and lampblack. In metals, allotropy 
signifies the existence of a metallic element in two or more crystal 
forms, differing markedly in properties. Tin is an example of an 
allotropic metal: in its usual form it is silvery white; at a low 
temperature it changes gradually into a gray powder. 

/ The most important example of allotropic metals is iron, which 
can exist in the solid state in three crystal forms. At normal 
temperatures the arrangement of atoms in the fundamental crys- 
tal unit is body-centered. If iron is heated, no change takes place 
in the crystal structure until a temperature of about 1670*^ F. 
(910® C.) is reached when an allotropic transformation occurs 
and the body-centered cubic lattice shifts to the face-centered 
cubic lattice. The body-centered type is known as alpha iron; 
the face-centered allotropic form is known as gamma iron. If 
heating is now continued, the fundamental crystal structure re- 
mains unchanged until a temperature of 2550® F. (1400° C.) is 
reached. At this point there is another change, from the face- 
centered gamma back to a body-centered lattice, similar to alpha 
iron but called delta iron. Delta iron exists only in the tempera- 
ture range 2550 to 2800° F. (1400 to 1 535° C.). It is never present 
in commercial carbon and low-alloy steels at temperatures at 
which they are useful, for which reason it is not discussed further 
in this book. In cooling, the reverse changes take place: at the 
freezing point iron crystallizes as body-centered delta; at 2550° F. 
(1400° C.) this undergoes an allotropic change to face-centered 
gamma which cools unchanged to 1670° F. (910® C.), at which 
temperature another allotropic change to body-centered alpha 
occurs. There is no further change as the iron cools to atmos- 
pheric temperature. 

There are various outward manifestations of the changes in 
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the crystal structure of iron. Some of the most important of 
these, in addition to changes in the spacing of the atoms, which 
can be determined by X-ray, are absorption of heat in heating 
and evolution of heat in cooling, marked changes in dimensions. 



fig* 5“"fdealizcd cooling curves of pure iron resulting from plotting tem- 
perature (A) against time and (B) against the difference in temperature 
between the specimen and a neutral body for a definite time interval. 


in electric resistivity, and in microstructure. For more than 40 
years the metallurgist has been studying the allotropy of iron. 
By adopting more and more specialized technique and by using 


Temperature, deg. C. 
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more and more sensitive apparatus he has been able to follow 
more and more closely the changes taking place at the transforma- 
tion temperatures and to determine these temperatures with con- 
siderable accuracy. As an example of one method, a cooling 
curve of a specimen of pure iron is given in Fig. 5, in which tem- 
perature is plotted against time (A) or against the difference in 
temperature (as determined by a sensitive galvanometer) be- 
tween the specimen of pure iron and a similar specimen of a 
neutral material which has no allotropic transformation (B), 

Jt will be noted that there is a jog in the curve at a temperature 
of approximately 1420° F. (770° C.). This is the temperature 
where iron loses magnetism (becomes paramagnetic) when heated 
and regains it (becomes ferromagnetic) upon cooling. Despite 
the fact that this change is manifested by a distinct break in the 
heating and cooling curve, there is no change in crystal structure 
such as occurs at 1670° F. (910® C.) and at 2550° F. (1400® C.). 

13. Importance of the Allotropy of Iron— At this point the 
engineer is probably wondering why the metallurgist has spent 
so much time studying the allotropy of iron, and why so much 
space in this chapter has been devoted to describing it. In fact 
he may with complete justification inquire in what way this 
change in atomic arrangement affects him, why he should be 
interested in how the atoms of a crystal of iron are spaced. It 
probably would be of little interest except for one vital fact: 
♦carbon dissolves in gamma iron but is practically insoluble in 
alpha iron. Since practically all the ferrous materials the engi- 
neer uses are alloys of iron and carbon, there is much in this to 
interest the engineer; in fact this phenomenon is one of the most 
important in the whole material universe and is the keystone of 
our machine civilization. It is just as important and probably 
more important than electricity or steam. 

To justify such a broad statement, it is only necessary' to attempt 
to picture what civilization would be like if iron did not possess 
the property of changing its crystal structure or its dissolving 
power for carbon. We would have a metal inferior in most of 
its properties to common brass and bronze. There would be no 
modem tools and nothing that modern tools have built: no sky- 
scrapers, no automobiles, no railroads, no airplanes, no ocean 
liners, no steam, gas or oil engines, no turbines for motive power 
and for generating electricity (except some woefully inefficient 
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curiosities), no battleships nor submarines to throttle a country's 
trade and starve its women and children, and no big guns or air- 
planes to kill non-combatants miles behind a battle front. Wood, 
stone, and brick would be left and such soft metals as copper, 
brass, bronze, aluminum, and carbonless iron, all of which would 
have to be cast or worked into shape by hand hammering. Con- 
crete might be left, but it is doubtful if cement could be ground 
without hard steel grinding mills. If steel would disappear 
from the world and could not be replaced, the engineering pro- 
fessions would be decimated or worse, and some of them would 
become practically extinct. 

If iron were a metal with no allotropic transformations and 
there were no cheap and equally efficient material to take the 
place of steel— and it is unlikely that there would be any unless 
precipitation-hardening alloys were developed very much farther 
than it is considered possible now— mankind would still be living 
in a civilization now called medieval. It is the job of the sociolo- 
gist and of the philosopher to tell us, if they can, what we would 
have missed. 

14. Metallic Compounds and Alloys— As the metals, like non- 
metallic elements, possess valence, they combine with other ele- 
ments to form definite chemical compounds. Compounds of 
metals and non-metals, such as sodium chloride (salt), NaCl, and 
iron oxide (rust), Fe203, are very common and are familiar to 
everyone. Less common and less familiar are compounds of 
metals and metalloids, for example iron carbide, Fe3G, and 
tungsten carbide, WC. Still less common, and relatively un- 
familiar to all but chemists and metallurgists, are compounds of 
metals with metals— intermetallic compounds— such as copper 
aluminide, CUAI2, which plays an important role in the strong 
alloys of aluminum and copper. 

There are approximately 300 intermetallic compounds, some of 
which are very important in the constitution of those metallic 
materials that are widely used in industry. Intermetallic com- 
pounds and compounds of metals with metalloids differ from such 
common compounds as sodium chloride and iron oxide in that, 
in general, they do not obey the ordinary rules of valence. Com- 
pared with pure metals, they are usually hard and brittle and 
have low electric conductivity. Structurally they .are crystalline, 
and they usually have a much more complex crystal structure than 
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the metals. The importance of the intermetallic and the metal- 
metalloid compounds (which are generally worthless by them- 
selves) lies in the fact that when they are present in small quanti- 
ties in a metallic material their size and state of dispersion can 
frequently be closely controlled, so that effective use can be made 
of them in increasing the strength and hardness of the material. 
It is discussed in detail later that the heat treatment of steel 
and the hardening of duralumin are due to control of the particle 
size of the metallic compounds present in the alloys. 

In addition to the ability of combining chemically with other 
elements, the metals also possess the valuable property of dis- 
solving in each other or mixing intimately with each other or 
with certain metalloids or non-metals in both the liquid and the 
solid state to form an alloy. With very few exceptions, all metals 
are mutually soluble in each other, like alcohol and water, when 
they are molten. Moreover, when this molten solution of a metal 
(or in some cases of a metalloid or non-metal) in a metal solidifies 
the solid material has properties that are usually very different 
from the properties of the components making up the alloy. 

Since alloys are rarely used in the molten state, the properties 
of such materials are of little or no interest to the engineer. He 
is, however, vitally interested in the properties of alloys when they 
are solid, mostly when they are at normal temperatures (50 to 
100° F.), but also when they are at temperatures higher or lower 
than normal. It is important, therefore, that considerable atten- 
tion be paid in subsequent chapters of this book to the structural 
changes in the industrially important alloys when they are 
heated or cooled between their solidification point and normal or 
subnormal temperatures. 

15. Types of Alloys — In the molten state there are two types 
of alloys: (1) those in which the components are wholly soluble in 
each other, and (2) those in which the components are practically 
insoluble in each other. The second type is of little interest 
either theoretically or practically and, except for a few free- 
machining materials containing lead in suspension, will not be 
considered further. 

If an alloy of the first type, in which the components are 
mutually soluble when molten, is cooled to the solidification 
point a varietjr of changes may take place during freezing. The 
possibilities are as follows: 
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1. The components may remain in solution in the solid state.^ 

2. The components may be insoluble in the solid state. 

3. The components may be partially soluble in each other. 

4. The components may, in part, form intermetallic com- 
pounds which may in turn be soluble, partially soluble, or insol- 
uble in either or both of the excess components. 

5. There may be a reaction (called a peritectic reaction) in the 
solid state which results in the formation of a solid solution, one 
or more intermetallic compounds, or both. 

6. If an element such as iron is present which can exist in two 
or more crystal forms, this element may undergo allotropic 
change. 

7. Any one of these six possibilities may he further complicated 
by one or more of the others. 

It is evident from this that the constitution of metallic alloys 
is not a simple science. It is not easy to determine the structural 
changes and the amounts and character of the constituents present 
in a binary alloy system in which only two components are pres- 
ent; in a ternary system in which three components participate, 
such determination becomes a Herculean job; and when more 
than three components are present it is almost impossible. 

• # The constitution of metallic alloys is studied by preparing a 
series of high-purity alloys ranging in composition from 100 per 
cent of one constituent to 100 per cent of the other constituent. 
Suitable specimens of these alloys are subjected to treatments 
which produce a state of equilibrium. This is followed by study- 
ing the changes in length, electric resistivity, microscopic and 
atomic structure, absorption and liberation of heat, and others, 
which occur when the alloy is heated and cooled from normal 
temperature or below to the melting point or above. The tem- 
peratures at which the changes occur are plotted against the com- 
position; the result is an equilibrium diagram (also called consti- 
tutional or phase diagram) of the series. Examples of such dia- 

3 The concept of one solid dissolving in another solid (solid solution) 
is not always easy to grasp. A solution of a solid in a liquid, as salt in water, 
or a liquid in a liquid, as alcohol in water, presents no difficulty. A solution 
of molten gold in molten silver is wholly analogous to alcohol in water, 
except for a la:rge difference in temperature. When this metallic solution 
solidifies the gold remains in solution in the silver; the atoms of the one 
metal are uniformly dispersed in the other metal, and the gold cannot be 
deteaed by any method short of chemical analysis. Solid solutions have 
all the characteristics of liquid solutions except possibly mobility. 
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grams with a brief explanation of their meaning are given in later 
chapters for iron-carbon and a few of the more important indus- 
trial non-ferrous alloys. 

In the past 20 years most binary alloy systems including the 
important iron-carbon, aluminum-copper, copper-tin, and copper- 
zinc systems have been studied in considerable detail. Of the 
thousands of possible ternary alloys only a few— the alloys which 
are important industrially— have been investigated, and most of 
these incompletely. The field of quaternary alloys is practically 
untouched. 

An equilibrium diagram of a series of alloys is of value in that, 
if the changes in structure with changes in temperature are known 
for a few representative alloys, similar changes are also known for 
all the alloys in the series. Because many of the properties are 
dependent upon the structure, the properties of all the alloys can 
be anticipated from the known properties of a few. The diagram 
also enables thermal treatments to be worked out which will pro- 
duce a desired structure in any alloy of the series. The greatest 
objection to the equilibrium diagram is that it represents only 
equilibrium conditions and tells nothing if equilibrium is not 
attained. This is enlarged upon in detail in connection with the 
discussion of the iron-carbon diagram in a later chapter. 

16. Crystal Structure and Plastic Flow— If a crystal of a pure 
metal is subjected to a stress of even low magnitude, the space 
lattice is distorted and the metal changes dimensions slightly. 
So long as the applied stress is less than the force that holds the 
atoms together, removal of the stress causes the groups of atoms 
to return to their original position and eliminates the distortion. 
If, however, the applied stress is greater than the force holding 
the atoms together— in other words, if the elastic limit is exceeded 
—the groups of atoms are displaced along what might be called 
the cleavage planes, and permanent deformation (plastic flow) 
occurs. The important point about this deformation is that it 
can occur without actually breaking the atomic bonds, that is, 
considerable movement of the atom groups can take place with- 
out rupture of the crystal or of the crystalline aggregate. 

The ability of a crystal to deform or flow under stress without 
rupture is one of the most important properties of metals and 
alloys. In general, it varies with the temperature. It is made 
use of in all the metallurgical operations known under the generic 
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term mechanical treatment or mechanical working, including roll- 
ing, forging, drawing, extruding, stamping, spinning, bending, 
riveting, and others. Among the chief reasons why metals and 
alloys are so widely used industrially are that they can be worked 
economically into useful shapes and that they withstand without 
failure the abuse of deformation. 

The plastic flow of metals and alloys is accompanied by changes 
in properties, which are especially marked when the material 
is cold worked. Tensile strength,^ yield strength, and hardness 
increase; ductility, on the other hand, decreases. Electric and 
magnetic properties are also affected. 

The amount of deformation that a metal or alloy withstands, 
at any specific temperature, is related to the structure of the in- 
dividual crystal unit and to the structure of the crystalline aggre- 
gate. Plastic flow and its effect on the properties are discussed 
later. What should be emphasized here is that pl2isticity is an 
outstanding characteristic of the metals as a class and that it is 
responsible for much of their economic importance. 

^ This and ocher properties are discussed later in this book. 



Chapter 3 

THE MANUFACTURE OF IRON AND STEEL 


A/IaN has been using iron for at least 5000 years. For almost 
half of this time he used it as a precious metal which came from 
heaven— as meteorites— and which was seized when found and 
laboriously worked into jewelry, charms, and amulets. These 
he wore for personal adornment or to ward off the evil spirits 
that harassed him daily. For the last 2500 years, he has had ter- 
restrial iron, reduced from its ores, and it is characteristic that 
the first use he made of it was to fashion weapons so that he could 
extend his control over the other species of the animal kingdom 
and demonstrate his superiority over those of his own species 
who did not yet possess this useful metal. His next use of iron 
was to fashion tools, so that he could make life easier for himself. 
Despite the fact that the development of large-scale manufacture 
about 80 years ago made iron and steel the cheapest metallic 
materials on earth, man never did become civilized enough to 
realize that the tool was more important than the sword. Events 
of the past 25 years have amply demonstrated that man values 
iron and steel primarily as a means of subduing his fellow human 
beings, and only secondarily as a means of making the world a 
better place in which to live. 

Since the beginning of large-scale manufacture about 1870, 
steel production has increased greatly each decade; by 1930 the 
world was using over 130 million tons a year. Of this the steel 
industry of the United States has been producing since 1920 
between 20 and 65 million tons annually. About 97 per cent of 
this output is poured into ingots that are hot or cold worked into 
sections for use in engineering structures, machines, and tools. 
The remainder is poured into castings that are used in the form 
which they assumed in the mold, except for necessary machining. 
In addition to this large steel output, there are produced annually 
in the United States between 20 and 40 million tons of pig iron, 
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80 to 85 per cent of which is used as an intermediate product in 
steel manufacture. The remainder is remelted and poured into 
sand or iron molds. This is the cast iron of commerce and is also 
used mainly in engineering structures and machines. 

Despite the fact that commercial carbon steels and cast irons 
contain many other elements in addition to carbon, metallurgists 
look upon them as alloys of the metal iron and the metalloid 
carbon because carbon has the greatest effect on their structure 
and properties. Depending upon the amount, form, distribution, 
and behavior of the carbon, the alloy will be hard or soft, tough 
or brittle, strong or weak, malleable or not. The increasing value 
of steel and cast iron to humanity over the past 50 or 75 years has 
resulted primarily from our increasing knowledge of the role 
played by carbon, and upon our ability to control its form, dis- 
tribution, and behavior. Commercial carbon steels contain, in 
addition to carbon, varying amounts of manganese, silicon, sul- 
phur, and phosphorus; frequently they also contain small amounts 
of as many as twelve other elements. 

17. Definition of Carbon Steel and Cast Iron— For many years 
committees of metallurgists in English-speaking countries have 
been trying to define carbon steel, alloy steel, cast iron, pig iron, 
wrought iron, and other products of the industry precisely and 
concisely, but with little success. Some of these terms have been 
used for years, others have been applied to new products as these 
were developed; all of them have been used so loosely by the men 
who make and use steel that it is hardly likely that most of them 
will ever be defined both precisely and concisely. 

It would be a waste of space, and probably even confusing, if 
the complex definitions for the numerous products of the iron and 
steel industry were all set down at once. We will, therefore, be 
content to distinguish here between carbon steel and cast iron 
and will hope that the definitions of the other products will be- 
come clear when they are discussed later. 

I Carbon steel may be defined as a commercial alloy of iron and 
carbon containing less than 1.7 per cent carbon, less than about 
1 per cent manganese, less than 0.4 to 0.5 per cent silicon, small 
amounts of adventitious elements, and no intentionally added 
special element. If the alloy contains more than 1.7 per cent 
carbon and is poured direct from the blast furnace into cast iron 
molds of uniform size, or is used in the molten condition as am 
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intermediate product, it is called pig iron; and if this pig iron 
(usually with the addition of scrap) is remelted and poured into a 
sand mold, thereby assuming the desired shape of the finished sec- 
tion, it is known as cast iron. This means that whether an iron- 
carbon alloy containing more than 1.7 per cent carbon is called 
pig iron or cast iron depends upon whether the material is an 
intermediate product or a finished product. 

These definitions are probably as concise as possible without 
the use of such metallurgical terms as carbide eutectic, graphite 
eutectic and others; they are undoubtedly not precise enough 
to satisfy the more pedantic among metallurgists but should be 
sufficiently accurate for all practical purposes. In this connec- 
tion an additional concise but not very precise definition of cast 
iron may be worth mentioning: “iron containing so much carbon 
or its equivalent that it is not malleable at any temperature.*' 

Pig iron and cast iron have been differentiated here chiefly to 
indicate some of the necessary distinctions in formulating defini- 
tions of ferrous products. Pig iron is of little interest to the engi- 
neer; cast iron is an important engineering material and is dis- 
cussed in some detail later. 

It may be asked legitimately why the dividing line between 
carbon steel and cast iron is placed at exactly 1.7 per cent carbon. 
Although this percentage is fixed primarily for convenience, it 
has considerable scientific justification as 1.7 per cent is the car- 
bon concentration represented by the point on the iron-carbon 
equilibrium diagram which marks the maximum solid solubility 
of carbon in iron at very high temperature and to the left of 
which graphite— a common form of carbon in cast iron— is not 
ordinarily present under normal conditions of treatment. 

For convenience, the commercial iron-carbon alloys may be 
divided into four classes: 

Low-carbon steel Less than 0.30 per cent carbon 

Medium-carbon steel 0.30 to 0.70 per cent carbon 

High-carbon steel 0.70 to 1.70 per cent carbon 

Cast iron and pig iron 2.50 to 4.50 per cent carbon 

18. Iron Ore and the Manufacture of Pig Iron— The four 
essential raw materials of the iron and steel industry are iron 
ore, coke and coal, limestone, and scrap steel and scrap cast iron. 
The iron ore used in the United States is chiefly hematite, an 
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impure ferrous oxide, Fe203, containing between 45 and 55 per 
cent metallic iron and between 20 and 35 per cent earthy matter, 
known as gangue, which is made up of silica, alumina, calcium 
oxide, magnesium oxide, and water, plus varying small amounts 
of phosphorus and occasionally sulphur. Hematites and other 
usable iron ores are widespread throughout the world; the com- 
mercial ores in the United States are estimated at more than 10 
billion tons, of which 90 per cent is located near Lake Superior 
and in Alabama. Iron ores are graded by phosphorus content 
into Bessemer and non-Bessemer (basic) ores. As phosphorus is 
not removed in the blast furnace, the ore must not contain more 
than approximately half the amount of this element permitted in 
Bessemer steel. 

Iron ore is reduced by coke in the blast furnace, limestone being 
used to flux the gangue and the ash of the coke. The raw mate- 
rials, in the approximate ratio of two tons of ore (frequently 
including some scrap steel or cast iron) to one ton of coke and 
one-half ton of limestone, are charged into the top of the furnace, 
and air preheated to 1000° F. (540° C.) or above is blown into the 
furnace through a number of nozzles (called tuyeres) near the 
bottom. The blast furnace, shown in cross-section in Fig. 6,^ is 
a steel shell lined with firebrick, 90 to 100 ft. high, 17 to 20 ft. in 
diameter at the top and 24 to 28 ft. in diameter at the bosh (just 
above the tuyeres). Operation is entirely continuous: the raw 
materials, carefully weighed and analyzed, are charged into the 
top at frequent intervals and slowly settle to the bottom, the 
downward pressure being slightly greater than the upward blast 
pressure plus the friction of the burden on the walls of the 
furnace. 

As the charge settles, the temperature increases (Fig. 6) until 
near the bosh the iron ore is practically all reduced and the spongy 
iron is heated to incandescence. Here it starts absorbing carbon, 
which lowers the melting point. The iron then becomes pasty, 
absorbs carbon more rapidly and finally melts, trickling down 
over the remaining unburned incandescent coke into the hearth. 
The calcium oxide in the limestone forms a fusible slag that is 
much lower in specific gravity than the iron and that floats on top 
of the molten metal in the hearth from where it is drained at 

1 Based on J. M. Camp and C. B. Francis, The Making, Shaping and 
Treating of Steel, Carnegie Steel Co., Pittsburgh, 4th ed., 1925, p. 159. 
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regular intervals. The molten high-carbon iron is drained from 
the hearth into ladles every 5 or 6 hr. and is then either poured 
into molds to solidify as pig iron or used in the molten condition 
in the manufacture of Bessemer or open-hearth steel. A modern 
blast furnace produces between 500 and 1000 tons of pig iron 



Fig. 6— Cross-section of a modern blast furnace showing temperature and 
chemical reaction levels (Based on Camp and Fr^cis). 

every 24 hr. and, barring shut downs for economic conditions, 
will operate continuously fof years. 

The average proportion of the raw materials entering the blast 
furnace and of the resulting products is shown graphically in 
Fig. ,7.* The slag is mostly waste and must be disposed of, a con- 

*H. M. Boyltton, Iron and Steely John Wiley Sc Sons. Inc, New York, 
*935. P- 7L 
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siderable problem in some plants. As Fig. 7 shows, an enormous 
volume of gas is given off. This gas, which totals more than 100 
million cu. ft. a day, contains 20 to 25 per cent carbon monoxide 
and has a heating value of 90 to 100 B.t.u. per cu. ft. It is, con- 
sequently, used to heat the blast and to generate power. Ther- 
mally the iron blast furnace is not efficient. Owing, however, to 
the value of the gas as a by-product and to the operation ol 



Fig. 7— Relative proportions by weight of the raw materials and products 
of the modern blast furnace (Boylston), 


large units, the overall efficiency is relatively high, and pig iron 
is made cheaply. 

19. Chemistry of the Blast Furnace— The preheated air, 
which is blown into the furnace under a pressure of 15 to 20 lb. 
per sq. in., in coming into immediate contact with incandescent 
coke forms large volumes of carbon monoxide gas. This gas, 
together with the carbon in the coke, reduces the iron oxide by 
two general reactions: 

Fe 203 + 3 CO 2 Fe + 3 CO2 (i) 

Fe203*+ 3 C ^ 2 Fe + 3 CO (2) 

Both reactions are reversible and may proceed in either direc- 
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tion depending upon the temperature and other conditions pre- 
vailing at the various levels in the furnace. The net result, how- 
ever, is reduction of the oxide to metallic iron. Both reactions 
are progressive: the Fe203 is reduced first to Fe304, then to FeO, 
and finally to Fe. Reaction (i) predominates in the upper part 
of the furnace (see Fig. 6), beginning at a temperature of about 
400® F. (210® C.); reaction (2) begins at a temperature of ap- 
proximately 1200® F. (650® C.) and is not completed until the 
iron oxide is completely reduced in the zone of the bosh. 

The chemical reactions in the blast furnace are essentially re- 
ducing so that any easily reducible oxides in the iron ore or the 
coke (in addition to the iron oxide) are also reduced. Thus all 
the phosphorus and most of the manganese will be found in 
the iron. Oxides of silicon and sulphur are more stable but are 
partially reduced. The remaining oxides— of calcium, magne- 
sium, and aluminum— are very refractory and are not acted upon 
by the carbon or carbon monoxide even at the highest tempera- 
ture of the furnace. To flux these refractory oxides the necessary 
amount of limestone (CaC03) must be charged. This calcines 
in the upper part of the furnace and, together with the calcium 
and magnesium oxide in the ore, combines chemically with the 
alumina and with part of the silica to form a fusible siag com- 
posed of calcium, magnesium and aluminum silicates. 

The pig iron, tapped from the furnace, contains about 4 per 
cent carbon, all the phosphorus and most of the manganese in the 
raw materials. The amounts of silicon and sulphur in the iron 
are controlled to some extent by a careful selection of raw mate- 
rials but chiefly by regulating the chemical characteristics of the 
slag, that is, by controlling the proportion of calcium oxide to 
silica and by controlling the temperature. The latter depends 
upon the amount of coke, the temperature of the blast, the 
amount of water vapor in the blast (the humidity), and other 
variables. The operation of a modern blast furnace and the pro- 
duction of cheap pig iron of satisfactory quality is an art which 
demands long experience and skill of a high order. 

20. Acid and Basic Processes— The reduction of iron ores and 
the manufacture of steel are chemical processes and are unique in 
large-scale industrial operations in that the chemical reactions 
involved take place at high temperatures, nearly always above 
2000® F. (1100® C.) and usually in the range 2500 to 3500® F. 



THE MANUFACTURE OF IRON AND STEEL 89 

(1370 to 1925° C.). Few refractory materials withstand such 
temperatures. The only ones that are available cheaply are the 
oxides of silicon, calcium, and magnesium. These are relatively 
inert at normal temperatures but become active chemically at 
steel-making temperatures: silica (Si02) becomes an active acid, 
and calcium and magnesium oxides become active bases, reacting 
at high temperatures thus 

CaO + Si02 CaSiOa - (3) 

MgO + Si02 MgSiOs (4) 

It is characteristic of silicates such as these that they fuse at tem- 
peratures much lower than the fusing temperatures of the oxides. 

Molten metals are refined by slags which are essentially sili- 
cates of calcium, magnesium, and iron and which are formed by 
a reaction between definite amounts of a basic oxide and the acid 
oxide silica. Depending on whether the basic or the acid constitu 
ent is in excess, the slag will have a basic or an acid reaction at 
steel-making temperatures. The character of the refractories used 
in the furnace— which is decided by economic considerations— 
determines the character of the slag and thus determines whether 
the process is basic or acid. 

It is obvious that, if a furnace has an acid lining, the slag must 
be acid in character or it would attack and destroy the furnace 
lining. Thus, in an acid process the slag must contain an excess 
of silica, and in a basic process, where the lining is magnesium 
oxide, the slag must contain an excess of calcium oxide. The 
advantages and disadvantages of acid and basic steel-making proc- 
esses may be summed up as follows: 

(1) In a basic-lined furnace, using a basic slag, most of the 
phosphorus and part of the sulphur are removed by the slag; acid 
slags have no effect on either impurity. Basic refractories are 
more costly than acid refractories, but scrap and pig iron suitable 
for the basic process are cheaper than guaranteed low-phosphorus 
material. 

(2) Acid slags contain less free oxide than basic slags. Conse- 
quently, if other things are equal, acid steel is cleaner and of 
higher quality than basic steel. 

These characteristics of acid and basic processes are enlarged 
upon in the discussion of the chemistry of the steel-making proc- 
esses later in this chapter. 
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21. The Basic Open-hearth and Acid Bessemer Processes-Of 
the large tonnage of steel produced annually in the United States, 
about 98 per cent is made by the basic open-hearth and the acid 
Bessemer processes (see Table 2). Twenty-five years ago, 25 to 30 
per cent of the so-called tonnage steels were made in the Bessemer 
converter. The price differential in favor of Bessemer steel, 
averaging $2 to I4 a ton, disappeared some years ago owing to the 
increasing scarcity and higher cost of low-phosphorus ores. This, 
coupled with the disadvantage that Bessemer steel containing 



Fig. 8— Cut-away model of loo-ton open-hearth furnace. 


more than about 0.20 per cent carbon is considered by many 
metallurgists to be inferior in quality to steel of comparable 
carbon content made by the basic open-hearth process, has 
resulted in the decline of Bessemer-steel production to about 7 
per cent of the total and in the virtual restriction of this material 
to low-carbon skelp for welded pipe, bars for wire, sheet bar for 
the manufacture of tin-plate and other flat products, and free- 
machining steels. 

The modern basic open-hearth furnace is a brick chamber 
about 80 ft. long and x 8 to 20 ft. wide. The hearth is shaped like 
an elongated saucer and is about 40 ft. long, 14 16 ft. wide and 

20 to 24 in. deep at the center (Fig. 8), The furnace is fired with 



THE MANUFACTURE OF IRON AND STEEL 4I 

gas or oil and preheated air, and, if a lean gas is employed, this 
is also preheated. To attain the temperature necessary the re- 
generative principle is used. White-hot exhaust gases from the 
furnace are led through a series of brick checkerwork chambers 
on the way to the stack. After about 1 5 min., these exhaust gases 
are diverted to another set of checker chambers, and the cold air 



Fig. 9~Bcssemer converter in operation (Jones and Laughlin Steel 
Corporation). 


and gas are led through the heated checkers on their way to the 
furnace. The direction of the exhaust and the incoming gases is 
reversed every 15 or 20 min. By this means the temperature at- 
tained by the gases as they burn and sweep across the hearth is 
about 3500® F. (1925® C.). 

The charge is scrap steel and pig iron and varies according to 
the price from 75 per cent or more scrap and 25 per cent or less 
pig iron to 75 per cent pig iron and 25 per cent scrap. If the 
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open-hearth is a part of a large steel plant, molten pig iron is used. 
The furnace is lined with basic refractories, and limestone is used 
for the slag. The average charge is 75 to 175 tons, which is melted 
in about 6 hr. Refining takes 4 to 5 hr. longer. When this is 
complete the metal is tapped into a ladle and teemed into large 
ingot molds. Carbon and alloy steels containing from 0.05 to 1.00 
per cent carbon are made by the basic open-hearth process. 

The acid Bessemer converter is a pear-shaped steel vessel lined 
with silica brick and mounted on trunions by which it can be 
tilted 180 deg. (Fig. 9). The bottom contains a large number of 
tuyeres to admit the blast. In making steel by the Bessemer 
process the converter is tilted forward, and 15 to 25 tons of molten 
pig iron are poured into the belly of the vessel. It is then turned 
upright, and at the same moment the blast is turned on. Refining 
begins immediately. No external source of heat is needed as 
sufficient is generated, by the reaction of oxygen with the carbon 
and other elements in the pig iron, to raise the temperature 
several hundred degrees. The progress of the chemical reactions 
is followed by observing the color and length of the flame shoot- 
ing from the mouth of the vessel (Fig. 9). Refining is complete 
in 10 to 15 min., after which the converter is tilted forward and 
the metal is poured into a ladle from which it is teemed into 
ingot molds. The production from a Bessemer plant of three 
vessels is 5000 to 6000 tons in 24 hr. To produce the same ton- 
nage of basic open-hearth steel a battery of twenty loo-ton fur- 
naces is needed. 

22. Chemistry of the Basic Open-hearth and the Acid Besse- 
mer Process—The basic open-hearth and the acid Bessemer are 
oxidation processes. Oxygen in the air or in some form of iron 
oxide (iron ore) is used to oxidize the carbon, silicon, manganese, 
and— in the basic process— the phosphorus and a part of the sul- 
phur in the charge. In the basic open-hearth process limestone, 
CaC03, is charged with the scrap and pig iron, and when the 
metal is melted this limestone, calcined to lime (CaO) by the 
heat, rises to the top of the molten bath to form slag. Iron oxide 
in the form of iron ore is added to augment the iron oxide which, 
in the form of rust, was on the scrap and pig iron. The iron oxide 
oxidizes the silicon and manganese first, according to the reac- 
tions: 
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Si + 2 FeO — > Si02 + 2 Fe (5) 

Mn + FeO MnO + Fe (6) 

MnO + Si02 MnSiOs (7a) 

FeO + Si02 FeSiOs (7b) 

The manganese and iron silicates, of low melting point and low 
specific gravity, rise to join the slag. The phosphorus is then 
oxidized: 

2 P + 5 FeO P2O5 + 5 Fe (8a) 

P2O5 + 3 FeO (FeO)3P205 (8b) 

(FeO)3P205 + 3 CaO ^ (CaO)3P205 + 3 FeO (80) 


The iron phosphate formed by reaction (8b) is unstable, but 
in the presence of an excess of lime, reaction (8c) takes place, and 
the more stable calcium phosphate is formed and also leaves the 
metal and joins the slag. 

Reactions (5) to (8) are exothermic and take place at relatively 
low temperatures, as the charge is melting or just after melting is 
complete, The oxidation of carbon 

C + FeO — > CO -f” Fe (9) 

by reaction (9) is endothermic and takes place only at high tem- 
peratures. 

When all the impurities have been eliminated as far as possible 
or desirable, the molten metal usually contains less than 0.10 per 
cent carbon, less than 0.20 per cent manganese, less than 0.01 per 
cent silicon and usually less than 0.03 per cent phosphorus. Sul- 
phur drops from about 0.04 or 0.05 to 0.025 0.035 per cent. 

As the result of these oxidizing reactions the molten metal also 
contains a relatively large quantity of dissolved iron oxide which, 
as discussed in the next chapter, is harmful. It also contains too 
little manganese to combine with the sulphur. To remove harm- 
ful oxide and to ensure the presence of sulphur as manganese 
sulphide, manganese is added to the molten metal in the furnace 
or as it is tapped from the furnace. This reacts with dissolved 
iron oxide 

Mn + FeO Fe + MnO (10) 

to form manganese oxide which is insoluble in the molten metal 
and which rises to the top to join the slag. 
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The manganese is added as a ferroalloy containing 8o per cent 
manganese, 14 per cent iron and 6 per cent carbon, or as an alloy 
containing 20 per cent manganese, 75 per cent iron and 5 per cent 
carbon. Adding the manganese also adds a certain percentage of 
carbon to the metal. By using different giades of ferromanganese 
and, if necessary, adding carbon in the form of ground anthracite 
coal, steel of any desired carbon and manganese content can be 
made. 

In the acid Bessemer process, the blast of air entering the con- 
verter forms large volumes of iron oxide as soon as it strikes the 
molten metal, which immediately oxidizes the manganese and 
silicon according to reactions (5), (6) and (7). The phosphorus 
is oxidized, but as there is no excess of lime, stable phosphate is 
not formed and none of this element is removed from the metal. 
Sulphur is also unaffected. Carbon is oxidized by the same 
reaction that occurs in the basic open-hearth. When the man- 
ganese, silicon, and carbon in the pig iron are reduced to a low 
percentage the converter is tapped, harmful oxides are eliminated 
as far as possible, and the proper amounts of carbon and maii- 
ganese are secured by adding an alloy of iron, manganese, and 
carbon to the ladle exactly as in the basic open-hearth process. 
No slag-making materials are added. The slag formed is com- 
posed of compound silicates of iron and manganese— oxidized 
from the pig iron— plus some silica, eroded from the lining, and is 
acid in character. Owing to the rapidity with which the reactions 
occur and to the large volume of iron oxide formed, acid Besse- 
mer steel usually contains more dissolved iron oxide than basic 
open-hearth steel. 

In the basic open-hearth as well as in the acid Bessemer process 
it is impossible to control the oxidation of silicon and manganese; 
the oxidation of carbon can be controlled and stopped when 
desired. Usually, however, this is not economical so that in both 
processes the carbon is practically all oxidized and the heat is 
usually recarburized by a ferroalloy, by coal, or by molten pig 
iron. 

23. Manufacture of High-quality steels— High-quality carbon 
and alloy steels are made by the acid open-hearth and the acid 
and basic electric processes (Table 2). Most carbon tool steels 
and special alloy steels are made in the basic-lined electric fur- 
nace. Selected steel scrap is melted in an arc or induction furnace. 
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The arc furnace, shown in Fig. lo, produces most of these ma- 
terials, in lots of 5 to 25 tons; the induction furnace, with a 
capacity up to 5 tons, is used chiefly to melt high-alloy steel scrap 
without loss of costly alloying metals. 



Fig. 10— H^roult electric furnace tilted for tapping, showing arrangement 
of electrodes (American Bridge Company). 


If the scrap contains too much carbon and phosphorus, these 
elements are oxidized together with the silicon and manganese, 
under conditions similar to those outlined for the basic open- 
hearth process on page 43. When oxidation is completed the 
slag is removed and a new one is added, composed of lime, fluor- 
spar and silica sand or crushed ferrosilicon. This slag, which 
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consists principally of calcium silicate when melted, is deoxidized, 
and strongly reducing conditions are established in the furnace 
by scattering powdered coke or ferrosilicon over the surface. 
Since slag and metal tend to be in equilibrium, eliminating iron 
oxide from the slag also deoxidizes the metal. Furthermore, a 
strongly reducing slag will remove sulphur almost completely 
from the metal. Owing to the complete deoxidation of the slag 
and to the absence of oxidizing gases— a condition attained only 
in the basic electric process— much sounder steel can be made by 
this process than by either the acid Bessemer or the basic open- 
hearth process where gases and slag are strongly oxidizing at all 
times. 

In general the quality of acid open-hearth steel is intermediate 
between basic open-hearth steel and basic electric steel. Acid 
open-hearth furnaces are like basic open-hearth furnaces but are 
usually smaller and are lined with silica refractories. The slag 
used contains excess silica, Si02, instead of excess lime, CaO. 
The atmosphere is as oxidizing as in the basic process. In the acid 
slag, however, the iron oxide is mostly combined with the silica 
as ferrous silicate. Consequently there is much less free oxide 
in the slag to migrate into the metal. Thus, acid open-hearth 
steel usually contains less oxide than does basic open-hearth steel 
and is used for armor plate and ordnance, large forgings and 
castings, and for other purposes where high-grade carbon and 
alloy steels are required in large quantities. 

The acid electric process combines the non-oxidizing character 
of arc heating with the lining and slag of an acid process. Acid 
electric steel is usually not so well deoxidized as basic electric 
steel, but it is cheaper. The 6-ton acid electric furnace is espe- 
cially suitable for intermittent operation and, owing to the high 
temperatures of the arc, is widely used for melting steel for small 
high-grade castings. 

The general features of the various steel-making processes are 
summarized in Table 2. In connection with this summary and 
with the discussion in this chapter it must be emphasized that in 
steel melting, as in all metal melting and many other industrial 
arts, the personal equation is important. As an incompetent chef 
can spoil the best steak in the cooking, so can an unskillful or 
careless melter produce a heat of basic electric steel that is more 
unsound than a heat of basic open-hearth steel produced by a 



Table 2. Classification of Steel-making Processes (United States) 
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skillful melter. In modern steel making, skill can usually be 
taken for granted, which was not true in the “good old days" of 
40 or 50 years ago. The carbon and alloy steels made today are 
nearly always of such high quality as the inherent limitations of 
the process will permit. 

24. The Mechanical Treatment of Steel— As noted in the 
introduction to this chapter, 97 per cent of all the steel made is 
poured into cast iron molds to solidify as ingots. These vary in 
weight from as little as 100 lb. to as much as 100 tons. After the 
ingot has solidified it is transferred to a soaking pit or heating 
furnace to equalize the temperature and to heat it to a tempera- 
ture at which the steel is very plastic. It is then hot worked by 
rolling, pressing or forging it into a finished or semi-finished 
product. A few special carbon and alloy steels used in very heavy 
sections, such as large guns, axle shafts, armor plate and the like, 
and a few tonnage products are worked from the ingot directly 
into the finished section. It is, however, considered better prac- 
tice, whenever the size of the finished product permits, to reduce 
the ingot to a section known as a bloom, slab, or billet, which is 
reheated, either with or without intermediate cooling and inspec- 
tion, and is rolled into finished products. These may be rails, 
structural shapes, plates, sheets, strip, pipe and tubes, bars, or 
rods of a wide variety of sizes and forms. Finished sections from 
the large rolling mill, especially bars and rods, may be fabricated 
further into a multitude of small articles. 

Hot working has two primary objects: (1) to produce various 
shapes and sizes economically; and (2) to improve the structure 
and properties by breaking up the coarse crystal structure of the 
ingot. 

A large tonnage of hot-rolled bars and rods is worked cold by 
drawing through a die to wire, or by rolling to sheet and many 
other products. Cold working also has two primary objects: (1) 
to produce sections, sizes, and shapes that cannot be produced 
economically by any other method; and (2) to produce certain 
combinations of properties, especially very high strength accom- 
panied by considerable ductility, that also cannot be secured 
economically by any other process. 

The mechanical treatment of steel is an art that has been per- 
fected mechanically until it is now in a relatively high state of 
development. Hundreds of millions of dollars have been invested 
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in lolling mills and forging plants that are marvels of mechanical 
efficiency and low-cost production. Modern rolling mills, such 
as the recently developed continuous strip mill, are, in fact, such 
marvels of costly perfection that when the steel industry is play- 
ing the role of pauper (as it frequently has in the past ten years) 
the overhead eats up months of profits gained when operations 
are on a princely scale. 

Although the mechanical equipment used and the methods of 
hot and cold working are a fascinating field for discussion, they 
are of little concern to the engineer who uses steel and who does 
not care whether strip is rolled on a continuous or a hand mill so 
long as it has the properties he requires and is cheap enough for 
him to use economically. The discussion of hot and cold working 
is, therefore, cut off at this point as being of no further interest, 
but the effect of hot and cold working on the structure and prop- 
erties, a subject of great interest to most engineers, is given more 
consideration elsewhere in this volume. 

Steel and other metallic materials that have been hot or cold 
worked (or, in some instances, cast) frequently must be joined 
together to form the finished structure. The principal methods 
of joining are welding and riveting. The equipment and the 
methods used for joining are of much interest to engineers but 
are hardly within the scope of a book on elementary metallurgy, 
and are, therefore, not discussed further here. 



Chapter 4 


THE COMPOSITION OF CARBON AND 
ALLOY STEELS 

M AN made fine steel for centuries before he knew or cared 
anything about its composition. Damascene swords, made by the 
Moslems in the Middle Ages from steel imported into the Near 
East from India, and by the famous families of Japanese sword 
makers between A. D. 500 and 1500, are the finest specimens of 
the early steel makers' art which have come down to us. They were 
made by welding alternate strips of high- and low-carbon steel 
into a bar, forging out this composite material, doubling it over 
and reforging again and again until a laminated strip of the finest 
quality resulted. This was drawn out into a sword or dagger 
blade, heat treated, sharpened, and finally etched with a dilute 
acid to bring out the laminations. Such a blade is shown in 
Fig. 1 1 in which the blade and scabbard are photographed against 
a background of the damask pattern near the dagger point, magni- 
fied eight times. 

The use of chemical analysis for determining the composition 
of steel and cast iron did not become general until about 60 years 
ago, more than a decade after large-scale steel making by the 
Bessemer and the open-hearth processes had been introduced. 
Until its use became general, that is, until the opposition of the 
steel makers to something as radical as a chemical laboratory had 
been overcome, composition and general quality were judged by 
breaking a small piece and examining the fracture, and by forg- 
ing a small block into a flat disc on an anvil and exanjining the 
edge for cracks. Steel melters became so expert in judging the 
amount of carbon from the fracture, and the amount of man- 
ganese and the completeness of the deoxidation from the forging 
test, that it has been only within the past 25 or 30 years that 
chemical analysis has been used to follow the progress of refining 
while thejsteel is in the furnace, and then only for electric-furnace 
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Steels and steels of special quality made in the acid and the basic 
open hearth. 



Fig. 11— Damascus steel dagger. The background is a photograph of the 
etched damask pattern of the blade, magnified 8 times. (Ziegler, Mining and 
Metallurgy, v. 20, 1939, p. 69). 


For many years the analysis of steel and cast iron consisted of 
the determination of carbon, manganese, sulphur and phos- 
phorus, silicon, if present, and alloying elements when these were 
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iipedally added. Only in the past few years has it been realized 
that these common elements tell only a part of the story of the 
composition and that in addition some ten or twelve other metals, 
metalloids, and non-metals may be present. As a result, the 
chemical composition of unalloyed steel is no longer as simple 
as it seemed 15 or 20 years ago; on the contrary it is very complex 
and worthy of considerable attention. 

Commercial carbon steels contain, in addition to carbon which 
is the most important element, varying amounts of manganese, 
silicon, sulphur and phosphorus, and small percentages of oxygen, 
nitrogen, and hydrogen. Occasionally they also contain small 
amounts of copper, nickel, chromium, molybdenum, lead, arsenic, 
aluminum, and tin. As indicated in the last chapter, some of 
these are added intentionally to improve the quality, but most of 
them are picked up from the raw materials used in the various 
processes. Steel men commonly divide these elements into three 
classes: harmful, beneficial, and neutral. This classification is 
convenient but is not very accurate because under certain condi- 
tions a harmful element may be neutral or even beneficial or a 
beneficial element may be neutral or even harmful. Thus, phos- 
phorus, for example, may be harmful in its effect on toughness 
and beneficial in its effect on resistance to atmospheric corrosion. 

25. Phosphorus in Carbon and Alloy Steels—The five so- 
called harmful elements present in all steels in varying amounts, 
but mostly in small fractions of i per cent, are: phosphorus, sul- 
phur, oxygen, nitrogen, and hydrogen. There are many data 
on the effects of the first three; nitrogen and hydrogen are mystery 
elements, and very little is known about them. 

In the amounts usually present in carbon and alloy steels phos- 
phorus is combined with the iron as iron phosphide, FcsP, which 
dissolves in solid iron as sugar dissolves in coffee. Although 
metallurgical opinion is not wholly unanimous, most available 
data, plus many years of experience with acid steels containing 
0.07 to 0.12 per cent phosphorus, indicate that this element makes 
steel “cold short, “ in other words, brittle when cold, particularly 
in its resistance to impact. This brittleness is more marked in 
high-carbon steels than in low-carbon grades and is apparent if 
the amount of carbon plus phosphorus is above 0.30 per cent. 
The static ductility is not appreciably affected. 

Because of the brittleness caused by phosphorus the maximum 
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amount permitted is usually given in engineering specifications. 
This varies from a maximum of o.io to 0.12 per cent in low- 
carbon acid Bessemer steels to a maximum of 0.045 per cent in 
rails and railway materials, structural shapes, sheet, strip, and 
other products of the basic open-hearth process. In tool steels 
and other high-grade high-carbon and alloy steels, the maximum 
permitted is usually 0.03 and occasionally even 0.02 per cent. 
The average amount of phosphorus in various grades is shown in 
Table 2. 

Despite the fact that, in general, pliosphorus has a bad name 
and for nearly a hundred years has been considered a nuisance 
that should be kept as low as possible, it has been discovered lately 
that it has its good points. It raises the tensile and the yield 
strength and improves other properties including the resistance 
of steel to some varieties of corrosive attack. Some of the new 
low-alloy high-strength steels contain about 0.10 per cent phos- 
phorus used together with small amounts of copper, nickel, or 
chromium. The carbon, however, is low. 

26. Sulphur in Carbon and Alloy Steels— In a manner anal- 
ogous to phosphorus, sulphur will combine with iron to form 
iron sulphide (FeS), which dissolves in molten iron. However, 
manganese, if present, having an affinity for sulphur which it does 
not have for phosphorus, will rob the iron of its sulphur to form 
manganese sulphide (MnS). This compound is insoluble in mol- 
ten and solid iron. Consequently, when the iron solidifies, man- 
ganese sulphide is present in the mass of metal as discrete particles. 
These particles, together with oxides and silicate's described in 
the next section, are known to the metallurgist as "solid non- 
metallic inclusions” or more simply as "inclusions,” and to the 
man in the mill by the more expressive term "dirt." If insufficient 
manganese is present, some of the sulphur remains as iron sul- 
phide. This compound melts at a temperature lower than the 
usual temperatures for rolling or forging, with the result that the 
steel is likely to crack during hot working. This brittleness or 
fragility at elevated temperatures is known as “hot shortness." 

Practically all commercial steels contain plenty of manganese so 
that engineers who use steel at elevated temperatures need not 
^worry about hot shortness caused by sulphur. Of much more 
interest to engineers is the fact that manganese sulphide particles 
are always present and that they may be present in large amounts 
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i£ the sulphur is high. If these particles segregate in vital areas, 
they may have a deleterious effect on the ductility of the steel; in 
fact, impact resistance may be greatly reduced. Any particle of 
dirt in the metal, if large enough, if the shape is favorable, and if 
it is strategically located, may act as a stress raiser and cause 
failure, especially by fatigue, much sooner than would normally 
be expected. The appearance of manganese sulphide inclusions, 
which are readily detected by the microscope, is shown in Fig. 1 2. 



Fig. 18— Manganese inclusions (gray) and silicate inclusions (black); un- 
etched, 500 X- 


Sulphur has few virtues when present in steel. Compared with 
phosphorus it is a real nuisance and is, therefore, kept as low as 
possible. Its only benefit, so far as is known now, is that, if the 
manganese sulphide is present in the proper amount and is well 
distributed, it makes the steel easier to machine. Steels which are 
machined automatically at high speeds and which are used for 
parts that are not subject to high impact stresses contain 0.080 to 
0.150 per cent, or even more, sulphur. With high sulphur per- 
centages the manganese is frequently increased from the usual 
amount in low-carbon steels, namely 0.30 to 0.60 per cent, to 0.60 
to 1.65 per cent to ensure that no iron sulphide is present. The 
average sulphur percentages for various grades of steels made by 
rhe different processes are .shown in Table 2. In general, the 
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higher amount o£ the range is the maximum permitted bv the 
usual specifications. 

27, Oxygen in Carbon and Alloy Steels—All steel, except that 
made by some special variants of the basic electric process, is 
melted and refined by gases and slags which are essentially oxidiz- 
ing. At the high temperatures used, oxygen combines avidly with 
iron, carbon, manganese, silicon, and some other elements whidi 
may be present, forming a variety of gaseous or liquid oxides. 
Some of these dissolve in molten steel and are thrown out of solu- 
tion when the steel solidifies, others shfe deoxidized by later slags 
or by alloys added especially for? this purpose. The result of these 
deoxidizing reactions, wMidti are more effective in some processes 
than in others (see Table 2), is to produce a steel which is more 
or less free from oxygen and its reaction products. Even under 
the best conditions, however, the steel is never wholly cleansed; 
hence, all steels contain when solid a larger or smaller quantity 
of gas cavities or solid inclusions bearing oxygen in some form. 
These oxides or combinations of oxides (silicates) form, together 
with sulphur, the most common source of the solid non-metallic 
inclusions or dirt found in commercial steels (see Fig. 12). Like 
sulphide inclusions, oxides and silicates, if segregated or if present 
in large particles, may act as stress raisers or as loci of weakness 
where under favorable conditions failure may start. 

Inclusions which are entrapped in the steel ingot (or casting) 
when it solidifies are usually in the form of small rounded par- 
ticles varying in size from those which are submicroscopic to those 
which can be seen on a polished surface with the unaided eye. 
At high temperatures most of the inclusions are plastic. Conse- 
quently, when the ingot is rolled or forged, they elongate into 
stringers or threads, shown in Fig, 13* It should be emphasized 
that inclusions, once they are entrapped in the steel, may be 
distorted, elongated, or otherwise changed in form by hot or cold 
work, but they cannot be removed or even diminished in amount 
by any treatment. No commercial carbon or alloy steel is wholly 
free from dirt. The amount preisent and the degree of dispersion 
of the particles depend to a considerable extent upon the nature 
of the melting process. As indicated in Table 2, basic electric 
steel is inherently the cleanest, acid electric steel ranks next, and 
acid Be^emer steel ranks Ibwest. The process itself is, however, 
not the only factor. Also important are quality of the raw mate- 
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rials used and the skill of the man who makes the steel. These 
factors are discussed in more detail elsewhere. 

It has been well known for many years that most ferrous ma- 
terials exhibit directional properties, that is, some properties, 
notably impact resistance, are lower if determined on a specimen 
cut at a right angle to the direction of rolling than if determined 
on a specimen taken longitudinally. Elongated inclusions are an 
important factor in causing this difference in properties. 



Fig. 13— Elongated slag inclusions in (A) rolled carbon steel, unetched, and 
(B) rolled alloy steel, etched, 100 X« 


Owing to the impure raw materials available to the iron and 
steel industry and to the necessity of using— except in a few re- 
stricted cases— oxidizing reactions to get rid of these impurities 
economically, one of the chief problems of steel men has been to 
eliminate the harmful effects of oxygen and its compounds by 
deoxidizing as thoroughly as possible. For more than 50 years 
one of the principal tenets of metallurgists has been "the more 
complete the deoxidation, the better the steel.” Within the past 
10 or 15 years, however, it has been found that the phrase "for 
certain steels” should preface this doctrine of deoxidation. 
McQuaid, Bain, and other investigators in this field have shown 
that a certain degree of oxidation may be very desirable in some 
carbon and alloy steels in which a control of the grain size is 
advantageous. This is discussed later. 
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The amount o£ oxygen in solid steel varies from a trace to as 
much as 0.02 per cent: few steels contain less than 0.005 cent; 
the average amount in commercial carbon steels is probably be- 
tween 0.01 and 0.015 cent, with the higher amounts found 
normally in the lower carbon grades. Most of the oxygen— 
probably all of it in most steels— is present as an oxide or silicate. 
Small amounts of oxygen are difficult to determine accurately by 



Fig. 14— Seams on the surface of a shaft, 2 X« 


chemical analysis, and it is even more difficult to determine in 
what form it exists in the metal. 

28. Carbon Monoxide, and Rimming and Killed Steel— As a 
result of the reaction between oxygen and carbon in the molten 
metal large volumes of carbon monoxide gas are formed. Most 
of this gas is given off during refining; some of it, however, re- 
mains entrapped and, unless removed by silicon or other degasi- 
fier as described in section 30, will be still in the metal when it 
starts to solidify. Most of this remaining catbon monoxide 
escapes during solidification. Owing, however, to the viscosity 
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of the metal just before it solidifies, some of the gas remains en- 



trapped to form cavities of varying 
size in the ingot or casting. These 
cavities-blow holes as they are com- 
monly called— will usually weld in 
rolling or forging, especially in low- 
and medium-carbon steels, and will 
disappear. If, however, the inner sur- 
face of the cavity becomes oxidized, 
which frequently happens in heating 
for rolling when the cavity is near 
the surface, or if the steel is high in 
carbon, the surfaces of the cavity do 
not weld and the result is a defect 
known as a seam (Fig. 14). Seams 
are usually located on the surface of 
the rolled section where they can be 
detected and removed by machining, 
chipping, or grinding, but they may 
be internal and if so they may, like 
inclusions, act as loci where prema- 
ture failure will start. 

Carbon steels are frequently classi- 
fied according to the method of re- 
moving gas cavities or rendering them 
innocuous, as killed, or rimming. 
Killed steels, which nearly always 
contain more than 0.25 or 0.30 per 
cent carbon, are those which must be 
thoroughly sound and free from gas 
cavities. The descriptive adjective 
comes from the action of the molten 


Fig. 15— Cross-section of an 
Ingot of rimming steel, about 
1^0 natural size (American 
Kolling Mill Company). 


metal when poured into the ingot 
mold: it lies perfealy quiet with no 
evolution of gas; there is neither bub- 
bling nor churning of the upper sur- 


face of the metal. Killed steels are 


degasified by silicon, aluminum, or other d^asifier^ All plain 
carbon forging steels, all rails, aU high-carbon tool and spring 
steels, and all alloy steels are thoroughly killed. 
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Rimming steel— so called from the rim of solid metal next to 
the mold wall (Fig. 15)— is low-carbon basic open-hearth steel 
in which deoxidation is partly completed in the furnace or in the 
ladle but which is not degasified. When the steel is poured into 
the ingot mold and begins to solidify, there is a brisk but con- 
trolled evolution of gas which results in an ingot having a sound 
gas-free surface and in locating the blow holes so far below the 
surface that there is no danger of their becoming oxidized when 
the ingot is heated for rolling (Fig. 15). The blow holes will 
weld completely in rolling, and the result is a material with a 
clean surface free from seaim. Rimming steels are especially 
suitable for sheet and strip> notably for thin, deepdrawing stock 
used in large tonnages for automobile bodies and fenders. Close 
control of the slag composition, particularly the amount of iron 
oxide, slag viscosity and pouring temperature, is necessary to pro- 
duce a steel that rims properly when it solidifies. 

Most basic open-hearth steels containing less than 0.15 per 
cent carbon are made so that they rim; steels containing 0.15 to 
about 0.25 per cent carbon, used widely for structural shapes and 
plate, are killed or are partly killed. 

29, Manganese in Carbon and Alloy Steels—Manganese is an 
essential and a beneficial element in nearly all grades of steel 
because it performs a vital dual role: it combines with sulphur 
to form manganese sulphide, a less obnoxious impurity than iron 
sulphide; and, as noted in the previous chapter, it deoxidizes the 
metal by reacting with oxygen to form an oxide which is less 
soluble in molten steel than iron oxide and which, therefore, 
will leave the metal more readily. The amount used varies with 
the grade of steel and with the amount of oxidation in melting: 
enough is added to most steels so that, after its purifying action 
has been completed, 0.30 to about 0.60 per cent, occasionally as 
much as 1.00 per cent, will be left in the metal. 

A small amount of manganese also increases the strength of 
steel. Either alone or, preferably, in combination with relatively 
small amounts of other alloying elements, it produces such a 
favorable combination of properties that the so-called "interme* 
diate-manganese*' alloy steels are finding increasing use in some 
fields of engineering, especially for railroad rolling stock and in 
bridges. TOe amount of manganese in these steels ranges from 
at^t 1.00 to 1.90 per cent. There is considerable confusion. 
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even among metallurgists, about the dividing line between these 
steels and carbon steels as some steels which are made and used 
as intermediate-manganese alloy materials may contain i.oo per 
cent or even less, and a few steels which have for years been 
classed as plain carbon steels— rails are an example— contain as 
much as i.oo per cent or even more manganese. If carbon steel 
and intermediate-manganese steel cannot be differentiated by 
their manganese content, they tan sometimes be classed according 
to the industrial application for which they were made. This is 
a glaring example of the slipshod terminology which has grown 
up over the years in the iron and steel industry and which con- 
fuses maker and user, metallurgist and engineer, alike. 

30. Silicon and Other De gasifiers— Like manganese, silicon is 
beneficial and is added to carbon steel as a purifier and, in larger 
amounts, as both purifier and alloying element. It is effective in 
removing oxygen and is, therefore, added to those grades of steels 
(usually containing more than 0.30 per cent carbon) in which 
gas cavities do not weld readily or are otherwise harmful. Silicon 
is so used in a few medium-carbon and high-carbon basic open- 
hearth steels (for example rails), in practically all acid open- 
hearth and acid electric steels, and in all basic electric steels. It 
is added rarely to such low-carbon basic open-hearth steels as 
structural material, wire, sheet, plate and strip, and to those 
low-carbon Bessemer steels which are used for pipe and tin-plate. 
The reaction product of silicon with carbon monoxide gas is silica 
(Si02), which reacts readily with manganese oxide and iron 
oxide, forming silicates. These are insoluble in the molten metal 
and are of such low specific gravity that they readily leave the 
steel. Silicon thus carries deoxidation further than manganese 
and is in addition an effective degasifier. Enough is added to 
complete the purifying reactions and leave 0.10 to 0.40 per cent 
in the finished steel. 

There is occasionally some confusion— but not so much as in 
the case of manganese— in distinguishing between a silicon- 
treated carbon steel and a silicon alloy steel. Some specially 
deoxidized open-hearth steels used in bridge construction, con- 
taining around 0.25 per cent silicon, have been and still are 
termed silicon steels by civil engineers. This is unfortunate, and 
it is hoped that the tendency to call a material silicon steel only 
if the silicon is 0.50 per cent or more will become more wide* 



THE COMPOSITION OF STEEL 


6 l 


spread. Steels containing 1.50 to 2.25 per cent silicon and about 
0.75 per cent manganese are used widely for springs, and steels 
containing 0.5 to 5.0 per cent silicon and small amounts of other 
elements are used in the construction of dynamos and other 
electric apparatus. 

Small amounts of aluminum and titanium are added to some 
grades of carbon steel as final deoxidizers and degasifiers. It has 
been discovered recently that aluminum, probably through the 
agency of minute aluminum oxide particles, can be used to con- 
trol the grain size of carbon and alloy steels. As this is one of the 
major recent developments in ferrous metallurgy, it receives de- 
tailed attention elsewhere in this volume. Both aluminum and 
titanium are also used, in much larger amounts than is necessary 
for deoxidation and degasification, as alloying elements. 

31. Other Elements—Since the introduction of alloy steels 
some 40 years ago there has been a gradually increasing contami- 
nation of carbon steel by nickel, copper, molybdenum, and other 
alloying elements owing to the inadvertent mixture of alloy-steel 
scrap with the other scrap. In the case of elements which oxidize 
readily, for example chromium, vanadium, aluminum, titanium, 
and a few others, the contamination is not serious as they are 
largely oxidized and removed during melting and refining, leav- 
ing usually not more than traces in the steel. In the case of such 
alloys as nickel, copper, and molybdenum, which do not oxidize, 
the amounts present will normally increase slowly over a period 
of years. This is especially true for nickel and copper, which are 
used in steel more frequently than molybdenum. The amount of 
these elements in the scrap is not of such serious consequence for 
steels made by a process that uses also a large proportion of pig 
iron, which is normally free from nickel and copper, as it is in 
steel made wholly from scrap (Table 2). In the latter the scrap 
may contain an unsuspected 0.10 to 0.25 per cent nickel and 0.05 
to 0.10 per cent copper, sometimes even enough to affect the prop- 
erties materially. The chemical determination of nickel and 
copper in carbon steels is seldom made, but these elements are 
present just the same. 

A recent development in free-machining steels is the addition 
of lead to low-carbon material. This element is insoluble in 
carbon steel, but by special methods of addition to the molten 
metal it may be incorporated as a suspension so finely dissemi- 
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nated throughout the metal that it is not easily visible in an 
unetched section with the microscope. These submicroscopic 
particles of lead apparently act as an internal lubricant and in 
addition cause the chips to break up readily. Recently reported 
data indicate that a lead content of o.io to 0.25 per cent greatly 
increases ease of machining but has no appreciable effect on 
mechanical properties. 

Carbon steel may be contaminated with small amounts of 
arsenic, tin, and antimony, traces of which may be present in iron 
ores and may persist through melting and refining. These metals 
may also be picked up from scrap containing bearing metals or 
tin cans. The amounts present are small, rarely exceeding 0.05 
per cent. Very little is known about the effect of small amounts 
of most of these adventitious elements. According to the present 
state of our knowledge, their effect, with the possible exception 
of that of antimony which is assumed to be harmful, may be 
called neutral. 

Although the presence of oxygen, as oxygen-bearing inclusions 
or gases, has been fairly well studied, reliable data of the effect 
of the other two gases, nitrogen and hydrogen, are few. This is 
due primarily to the difficulty of determining accurately the 
amount present in steel. Unquestionably, nitrogen (from the 
air used in melting furnaces) and hydrogen (from the dissociation 
of water vapor) are both introduced into steel during melting and 
refining, but to the best of our knowledge the amount is small, 
probably less than 0.005 cent. Within the past ten years, 
nitrogen has been found to be an effective hardening agent when 
introduced into solid steel by treating with ammonia. It has 
been suspected recently that hydrogen causes some troublesome 
defects in carbon and alloy steel, but nothing very definite is 
known about the effect of this gas as yet. 

32. Ingot Iron and Wrought Iron— Ingot iron and wrought 
iron are two specialized products of the iron and steel industry, 
made in relatively small tonnages but important enough to be 
described briefly. Both are related to carbon steels. Ingot iron 
is a commercially pure iron. It contains between 99.75 and 
99.90 per cent iron. The common elements, carbon, manganese, 
silicon, sulphur, and phosphorus, account for about half of the 
impurities; the occasional element make up the other half. 
Ingot iron resembles carbon steel in that it is melted and refined 
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by the basic open-hearth process, but it is lower in carbon (about 
0,02 per cent) than the lowest carbon steels made industrially, 
which range from 0.04 to 0.08 per cent. Ingot iron is used chiefly 
in the form of galvanized and enameled sheet. 

Wrought iron is a low-carbon material made by a process which 
involves oxidation without actual melting. The nature of the 



Fig. 16— Composite photomicrograph of wrought iron showing inclusions 
(black), etched, 100 X (Sauveur). 


refining is such that this material contains a larger proportion of 
solid non-metallic inclusions than low-carbon steel made by the 
usual processes (Fig. 16).^ Owing to the nature of the process 
and the composition of the inclusions, wrought iron when rolled 
has relatively low strength but is ductile and tough and is easily 
welded. It is used for staybolts, rivets, some grades of pipe, boiler 

1 A. Sauveur, The Metallography and Heat Treatment of Iron and Steel, 
McGraw-Hill Book Company, Inc., New York, 4th ed., 1955, p. 56. 
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tubes, and especially for heavy chains and hooks. Wrought iron 
has welhmarked directional properties. 

33. Low-alloy Steels— There is no precise and concise defini- 
tion of alloy steel, but practically there is seldom any difficulty 
in distinguishing between carbon and alloy steels. The practical 
criterion is: if an element, not used primarily for deoxidation or 
degasification, is added to carbon steel in the amount required to 
produce a desired specific effect, the resulting material is an alloy 
steel. A large number of metals (and some metalloids and non- 
metals) have been alloyed with carbon steel, either alone or in 
various combinations, and the resulting properties have been 
studied more or less completely. These include manganese, sili- 
con, nickel, chromium, vanadium, tungsten, molybdenum, cop- 
per, and phosphorus as the more common alloying elements and 
cobalt, aluminum, zirconium, titanium, nitrogen, lead, uranium, 
and selenium as the less frequent additions. Steel may also be 
coated or plated with zinc (galvanizing), tin, lead, chromium, or 
nickel, but such products are not classed as alloy steels. 

There are two general classes of alloy steels: (1) the low-alloy 
engineering steels and (2) the high-alloy tool and die steels, cor- 
rosion- and heat-resistant steels and special-purpose alloys. In 
tonnage, the first class is the more important; in value to man, 
both are probably of equal importance for both have played a 
vital role in the development of our present-day machine-age 
civilization. 

There are several hundred low-alloy engineering steels, of which 
some 70 to 80 have been included in the Society of Automotive 
Engineers* specifications. The S.A.E. steels are divided into eight 
main classes: intermediate-manganese, silicon-manganese, nickel, 
nickel-chromium, molybdenum (including chromium-molybden- 
um and nickel-molybdenum), chromium, chromium-vanadium, 
and tungsten steels. There is also a large number of low-alloy 
structural steels, most of them a development of the past 10 
years, which contain small amounts (usually less than 1 or 1.5 
per cent) of nickel, copper, chromium, manganese, silicon, phos- 
phorus, and molybdenum in various proportions and combina- 
tions* These were developed to satisfy a demand for a material 
of better properties than carbon steels but cheaper than the S.A.E. 
grades. These have been nicknamed ^‘Irish stew steels** by Gillett, 
a happy and accurate designation. 
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The amounts o£ the various alloying elements in the low-alloy 
steels are roughly as follows: 


Element 

Manganese . 

Silicon 

Nickel 

Chromium . 
Vanadium . . 
Molybdenum 
Copper .... 
Phosphorus . 


Percentage 

1.00 to 2,00 
0.50 to 5.00 
1 .00 to 5.50 
0.25 to 3.50 
0.15 to 0,25 
0.15 to 0.50 
0.15 to 1.50 
0.065 0.150 


34. The High-alloy Steels— There are almost as many varieties 
of the high-alloy steels as there are of the low-alloy grades. These 
special materials can be divided into three classes. The first 
includes the well-known high-speed steels and the closely allied 
die and valve steels. The primary requirement is hardness, espe- 
cially at elevated temperatures, which is attained by large 
amounts (10 to 25 per cent) of tungsten, chromium, and occa- 
sionally cobalt, plus smaller amounts of vanadium, molybdenum, 
or silicon, together with relatively high carbon percentages. 

The second class includes all the highly alloyed steels used pri- 
marily because of their corrosion resistance or scale resistance 
at normal and at high temperatures. The basic element in these 
steels is chromium, in amounts ranging from 10 to 35 per cent, 
either alone or together with varying amounts of silicon, man- 
ganese, nickel, copper, or molybdenum. The best known steels 
of this group are the cutlery steels, containing about 0.35 per cent 
carbon and 14 per cent chromium, and the soft stainless steels, 
containing low carbon, 15 to 25 per cent chromium and 6 to 20 
per cent nickel, which are used widely for building trim, hardware 
and fixtures on buildings and automobiles, various kinds of 
utensils and, more recently, in the construction of railroad equip- 
ment and aircraft. Not so well known but just as important 
are the highly alloyed steels containing chromium, molybdenum, 
and other alloys, used in steam plants, oil refineries and for other 
applications where high pressures and high temperatures are en- 
countered. Also in this second class are the alloys containing 
up to 65 per cent nickel, 15 to 20 per cent or more chromium^ 
the remainder being iron. These are the heat-resistant alloys of 
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high electric resistivity which are used for the heating elements of 
all our domestic and industrial heating appliances. 

The third class includes a large number of alloys of highly 
specialized but important uses. They are the steels with special 
magnetic and electric properties, alloys with special expansion 
characteristics, steels with exceptional wear resistance, and many 
others. While these materials are not manufactured in large 
tonnages, some are of such importance that by means of them the 
communication and other industries have experienced a veritable 
revolution in the past lo or 15 years. 

Low-alloy steels may be manufactured by any process except 
the add Bessemer. Some are melted in the basic or acid open 
hearth, many of the S.A.E. grades are made in the basic electric 
furnace. Nearly all the high-alloy materials are made in electric 
arc or induction furnaces. Alloy steels are much more costly than 
carbon steels so that care is exercised to keep the quality as high 
as possible. Selected scrap is used, deoxidation is carried farther, 
and sulphur and phosphorus arc usually required to be lower 
than in carbon steels. 



Chapter 5 

THE CONSTITUTION OF STEEL 

The demands of industry for materials with which it can fash- 
ion its tools, machines, and structures have been growing more 
exacting year by year for the past 50 years or more. It is only 
in metallic materials that development has kept pace with this 
steadily increasing demand. Between 1875 and 1940 there was 
little change in wood, brick, and stone construction, but the 
change in metal structures has been enormous. This advance is 
plain if a locomotive of 1875 or even of 1890 is compared with 
the streamlined steam or Diesel-electric engine of today, and it 
is even clearer if our present-day automobiles and aircraft are 
compared with those of 20 or 25 years ago. In metal manufac- 
turing, the iron and steel industry has shown outstanding develop- 
ment in the past half century, certainly surpassing the non-ferrous 
industries, with the possible exception of the aluminum industry. 
During this period, practically all the alloy steels have been de- 
veloped. Moreover, for carbon steels and cast irons new standards 
of quality have been set up and met. 

As indicated in a previous chapter, one of the principal reasons 
for this was the development of a science of the constitution, or 
internal structure, of metals and alloys known as metallography 
or physical metallurgy. Metallography has been valuable in the 
study of all metals, but it has been especially fruitful in the field 
of ferrous alloys, not only in providing a more basic knowledge 
of their constitution but also in the development of new steels 
and of new treatments of industrial importance. Despite this 
advance, much remains to be learned. The mountain top of 
complete understanding is high; the trail to the summit is long 
and steep, and we have gone but a short way. We will reach the 
summit more quickly if we do not stop so frequently to bicker 
about this or that stone along the path and if in the future we 
do not explore so many of the numerous bypaths which we hope 
are short-cuts but which in reality lead nowhere, 

^7 
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The properties of steels and cast irons, and the suitability of 
these materials for the many requirements of industry depend 
upon the amount of carbon and other elements alloyed with the 
iron. The amount, however, is not the only variable of impor- 
tance. Equally essential, and even more so in some cases, are 
the distribution and behavior of these elements with respect to 
each other and to the iron present. Chemical analysis gives fairly 
exact information on the amounts of elements present but gives 
no clue on whether they combine with each other to form definite 
chemical compounds, or whether they form simple or complex 
mixtures, or whether these compounds or mixtures have any effect 
on each other or on the large amount of iron present. It gives 
no indication why ferrous alloys respond to heat treatment or 
why the properties are so greatly affected by such an operation. 
These important factors are the subject matter of ferrous metal- 
lography and are discussed in this and the next chapter. 

35. The Fundamental Structure of Carbon Steel— At very 
high temperatures, iron and carbon react to form the definite 
compound iron carbide (Fe3C). This compound, while thermo- 
dynamically unstable at temperatures of interest to engineers, is 
very persistent in alloys containing less than 1.7 per cent carbon, 
especially if appreciable amounts of silicon are absent. Carbon 
steels, therefore, while fundamentally alloys of the metal iron 
and the metalloid carbon, are in reality alloys of iron and the 
chemical compound iron carbide. Furthermore, since iron exists 
in two allotropic forms, carbon steel is an alloy of alpha iron 
and iron carbide at normal temperatures, and an alloy of gamma 
iron and iron carbide at elevated temperatures. To go one step 
further, since carbon (i.e., iron carbide) is insoluble in alpha 
iron and soluble in gamma iron,^ slowly cooled carbon steel is a 
mixture of alpha iron and iron carbide at normal temperature, 
and a solution of iron carbide in gamma iron at elevated 
temperature. 

By metallurgists alpha iron is known as ferrite, iron .carbide 
is called cementite, and the solid solution of iron carbide (cemen- 
tite) in gamma iron is known as austenite. These three metal- 
lographic constituents are the basic phases in the constitution of 

^Metallurgists are not agreed whether iron carbide dissolved in gamma 
iron is in solution as molecules of FeaC or whether it has ^lit into atoms 
of Fe and C. This is an academic quesUon of no practical significance. 
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each one of which represents equilibrium of the phases in an alloy 
whose carbon content is indicated by the ordinate and whose 
temperature is indicated by the abscissa. 

/ As ice and water will coexist indefinitely as long as the tempera- 
ture remains at the freezing point, so at 1333° (723° G.) and 

with a carbon content of 0.80 per cent (point S) austenite, ferrite, 
and cementite will coexist indefinitely. However, if 0.80 per 
cent carbon steel containing these three phases at 1333® F. is 
heated very slightly above this temperature, ferrite and cementite 
will disappear and only :.ustenite will be left; conversely, if it is 
cooled very slightly below 1333° F. and held at this temperature, 
austenite will transforin c^unpletely into ferrite and cementite. 
Thus, the lines GOS, SE, and PSK represent temperatures at 
which phase changes are ready to start. The dashed line MO 
(known as A2) represents the temperature where carbon steels 
containing from a trace to about 0.45 per cent carbon become 
paramagnetic (lose their magnetism) on heating or ferromagnetic 
(regain their magnetism) on cooling. This phenomenon is not a 
phase change in the ordinary sense. 

A map of the Atlantic ocean is valuable because it gives the 
longitude and latitude of New York and London, despite the fact 
that it tells us nothing about the time necessary to go from one 
city to the other. In the same way, a phase diagram such as 
Fig. 17 is valuable as a map showing the temperature and corn- 
position where certain phases exist, despite the fact that it tells 
us nothing about the time required to effect changes in these 
phases. The phase diagram is an equilibrium diagram: the points 
and lines represent temperatures at which changes are ready to 
start and will start immediately if the temperature is changed 
slightly. In a few systems, the alloys are very sluggish when solid; 
changes take place so slowly with slight variations in temperature 
that it is virtually impossible to study the effect of time. Fortu- 
nately the alloys of iron and carbon are not in this class. Very 
slow heating or cooling initiate phase changes at temperatures 
dose to the equilibrium temperatures. Hence, we can study 
these changes readily and can determine with equal facility the 
effect of varying the heating or cooling rate. 

37. The Eutectoid and Structure of Pearlite— In many alloy 
systeitis there is one alloy of definite composition which solidifies 
at a lower temperature than any of the others. Such alloys are 
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often characterized by a laminated structure when viewed with 
the microscope. Metallurgists call such alloys eutectic (from the 
Greek meaning well-melting). In iron-carbon alloys there is one 
alloy, containing about o.8o per cent carbon, which, when cooled 
slowly, undergoes transformation in the solid state at a lower 
temperature than any of the others. This alloy, moreover, if 
cooled slowly, has at room temperature a laminated structure 
resembling closely a eutectic alloy. Because it is formed in the 
solid state instead of from the liquid, it is known as eutectoid. 
This word and its significance should be remembered as it will 
appear frequently later in this book- in connection with the dis- 
cussion of carbon and alloy steels. 

Steel of eutectoid composition (o.8o per cent carbon) contains 
12 per cent cementite ^ (iron carbide) and 88 per cent ferrite. In 
other words, the eutectoid composition is i part of cementite to 7 
parts of ferrite. As the composition of the eutectoid is always 
constant, steels Containing less than 0.80 per cent carbon contain 
more ferrite than is necessary for the eutectoid ratio, and steels 
containing more than 0.80 per cent carbon contain an excess of 
cementite. 

/ Because the laminated structure of a slowly cooled steel of 
eutectoid composition resembles mother-of-pearl when viewed 
with the microscope^ (see Figs. 18D and 18F), this aggregate of 
cementite and ferrite is known as pearlite. The properti^ of 
pearlite vary with the size of the particles of cementite. If the 
steel has a laminated structure consisting entirely of plates df the 
size shown in Fig. 18F at 1000 diameters, it will have a tensile 
strength of 120,000 to 130,000 lb. per sq. in. and an elongation of 
about 10 or 15 per cent in 2 in. 

38. Phase Changes in Slowly Cooled Low- and Medium- 
carbon Steels— The phase changes in carbon steels cooled slowly 
from a high temperature can be illustrated by three steels con- 
taining (A) 0.30 per cent carbon, (B) 0.80 per cent carbon, and 
(C) 1.30 per cent carbon. These are indicated in Fig, 17 by Knes 
XX', FF', and ZZ'. 


8 c : FesCsr: 12 : 180. Therefore 1 0=15 FcgC and o.8'C=:i2 FegC. 
100-^12 Fe3C=: 88 ferrite. 

^ lamellar structure of pearlite is seldom so readily recognizable at a 
magnification of 100 diameters as in Fig. 18D. Usually a magnification of 
too diameters or more is necessary. 




Fig. i8— Microstruaures o£ slowly cooled iron-carbon alloys: {A) low-carbon 
iron, (B) o.ao per cent carbon steely (C) 0.40 per cent carbon steel, (O) 0.80 
per cent carbon steel, (£) 1.3 per cent carbon steel, (F) pearlite at hi^ 
magnification; etched; A to E, toox* E, loooX. 
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* At 2820^ F. (1550° C.), the first steel (XX') is a solution of 
iron carbide in molten iron. Upon slow cooling, there is no 
change until the solidification temperature 2770° F. (1520^0.) 
is reached. Here solidification of austenite begins; this is com- 
plete at 2685° F. (1475® C.). The white hot steel, which consists 
wholly of solid solution of cementite in gamma iron, cools un- 
changed until a temperature of 1470® F. (800® C.) is reached. 
At this point on line (OOS), the austenite is saturated with 
iron. If the temperature falls slightly, the excess iron is precipi- 
tated in the form of alpha phase. Since the austenite loses no 
carbon during the process, the loss of some iron as alpha phase 
by the austenite is equivalent to increasing the carbon content 
of the austenite. As the temperature continues to fall, precipita- 
tion of alpha iron and increase of carbon content of the austenite 
(since there is progressively less austenite for a constant amount 
of carbon) occur continuously. When the temperature reaches 
that of the line Ai (FSK), the austenite is saturated with carbon 
also. Further cooling results in simultaneous precipitation of 
alpha iron and carbon (as iron carbide). This process goes to 
completion, which is to say that the austenite disappears 
completely. 

If the cooling is very slow through the temperature interval 
from line (GOS) to just below line Ai (PSK), the excess fer- 
rite which is first formed assumes the shape of discrete polyhedral 
grains, and the remaining austenite, containing 0.80 per cent car- 
bon, transforms to tli^ pearlite aggregate in which the ferrite and 
cementite particles are in the form of relatively large laminated 
plates. The structure of the slowly cooled steel consists of 36 
per cent pearlite and 64 per cent excess ferrite.® 

If a piece of slowly cooled carbon steel is polished and etched 
with dilute acid and examined with the microscope, the relation 
between the carbon content and the amount of free ferrite 
(etches light) and pearlite (etclies dark) is clearly evident. This 
is shown in Fig. 18. Micrograph A shows the structure of iron 
containing practically no carbon; it consists wholly of polyhedral 
grains of ferrite. In B, tlie steel containing 0.20 pet* cent carbon, 
the dark grains of pearlite are numerous, and in C, the material 

«0.30 per cent carbon is equivalent to 4.5 per cent Fe^C. Since 1 part 
of FcgC is associated with 7 parts of ferrite to form pearlite, 4.5 per cent 
FegC plus 31.5 per cent ferrite form 36 per cent pearlite. 
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containing 0.40 per cent carbon, they are still more numerous. 
The parallel plates of cementite and ferrite making up the pearl- 
ite aggregate are shown clearly at high magnification in micro- 
graph F. 

39. Phase Changes in Slowly Cooled High-carbon Steels— 
Referring again to Fig. 17 (line FF'), at 2820° F. (1550° C.) a 
steel containing 0.80 per cent carbon is a solution of iron carbide 
in molten iron. As the molten metal cools, it is unchanged until 
a temperature of 2700° F. (1480° C.) is reached where solidifica- 
tion of the austenite begins. This is not complete until a tem- 
perature of 2520° F. (1380® C.) is reached. It will be noted that 
with higher carbon the solidification range is wider. 

After the steel has solidified completely, the solid solution of 
cementite in gamma iron cools unchanged until a temperature of 
1333° (723° C.) is reached. Owing to the fact that the steel 

contains 0.80 per cent carbon and, therefore, the exact amounts 
of cementite (12 per cent) and iron (88 per cent) to form the 
aggregate pearlite, there will be no preliminary precipitation of 
alpha iron from the saturated austenite, as was the case with 
the 0.30 per cent carbon steel described in the previous section. 

As the steel cools through the Ai temperature, 1333° F. 
(723° C.), the austenite undergoes precisely the same change as 
was described for the last stage of transformation of the 0.30 per 
cent carbon steel, that is, simultaneous precipitation of alpha 
iron and iron carbide. There is no further structural change as 
the steel cools from Ai to room temperature, and if cooling 
through the Ai temperature is slow, the cementite and ferrite 
form well defined plates as shown in Fig. iSD and, at high mag- 
nification, in Fig. 18F. 

In the case of a steel containing 1.3 per cent carbon (19.5 per 
cent cementite), represented by line ZZ' in Fig. 17, the changes 
taking place during slow cooling are fundamentally analogous to 
those taking place in a 0.30 per cent carbon steel. The essential 
difference is (in addition to a wider solidification range) that 
the Aem marks the preliminary separation of excess iron 
C£^rbide rather than excess alpha iron. When a steel containing 
1,3 per cent carbon cools slowly, at 1760® F. (960^ C.) the austen- 
ite is saturated with carbide. Further cooling results in precipi- 
tation of (his excess carbide from the saturated austenite, which 
continue as diO temperature falls from 1760 to 1333° F. {the Ai 
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temperature). The remaining austenite, which now contains o.8o 
per cent carbon (la per cent cementite), here transforms to 
pearlite, as in the preceding case. At room temperature, the 
structure is made up of grains of pearlite (etches dark) with a net- 
work (or needles) of excess carbide (light). This structure is 
shown in Fig. i8E. 

The discussion to this point has all been concerned with slow 
cooling. In heating carbon steels, the reverse changes take place. 
For example, a 0.30 per cent carbon steel which has been cooled 
slowly consists at room temperature of a structure of 36 per cent 
[>earlite and 64 per cent excess ferrite. If this steel is heated 
slowly, no change takes place until a temperature of 1333® F. 
(723° C.) is just exceeded. Here, the alpha iron of the pearlite 
transforms to gamma iron and the cementite goes into solution. 
As heating is continued, the excess alpha iron changes to gamma 
iron and is absorbed by the austenite. At 1470® F. (800° C.), 
these changes are complete, and the steel, now a solid solution 
of 4.5 per cent cementite in gamma iron, remains unchanged 
to the melting point. 

40. Effect of Cooling Rate on Phase Changes and Structure— 
As shown in Fig. 17, a steel containing about 0.8 per cent carbon 
is entirely austenitic at any temperature between Ai (point S) 
and the solidification temperature. Heating or cooling in this 
range, whether fast or slow, causes no phase changes. If, how- 
ever, this steel is held at a temperature of exactly 1333® F. 
(723® C.), although no phase change will ever occur, there is a 
tendency for the change to start. If, now, the steel is cooled very 
slowly, the phase change from austenite to ferrite and cementite 
starts just below Ai, at about 1300® F. (700® C.), and proceeds 
very slowly to completion. The result is a pearlitic structure 
of coarse plates of ferrite and cementite. 

^ If the steel is cooled somewhat faster from 1333® F. or above, 
the apparent temperature of the phase change is depressed to 
about 1220® F. (660® C.), the speed at which the phase change 
occurs is higher, and the particles of ferrite and cementite which 
make up the pearlite are smaller. If the steel is cooled still faster, 
as by cooling small sections in air or large ones in^l, the apparent 
temperature of the phase change is depressed still more, for 
example to 1000® F. (540® C.). The reaction now takes place 
very quickly and the particles of ferrite and iron carbide are still 
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smaller. These general effects are shown in Fig. 19 in which 
temperatures where the phase changes occur are plotted against 
time. 

Thus, increasing the cooling rate has three important effects: 
(1) the apparent transformation temperature is depressed, (2) 
the rate at which gamma iron changes to alpha, and at which iron 



Fig. i9~Relation between time and temperature of transformation of 0.80 per 

cent carbon steel (Bain, Trans, Am. Soc, Steel Treat,, v. 20, 1932, p. 390). 

carbide is precipitated, is speeded up, and (3) the particle size 
of the precipitated carbide and of alpha iron is decreased. In 
addition to these effects, increasing the cooling rate increases the 
hardness and strength of unalloyed steels and decreases the 
ductility. 

For each cooling rate, therefore, and for every steel, there is a 
definite transformation-temperature range, and a definite speed 
with which the transformation occurs, and finally a definite struc- 
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ture that results, accompanied by definite properties. Thus, 
depending upon the cooling rate, the resulting structure may vary 
from one made up of coarse laminated plates of ferrite and 
cementite to one of such fine particles of these two constituents 
that they cannot be detected individually with the highest mag- 
nifications of the metallurgical microscope. Metallurgists have 
distinguished between these structures, have classified them by 
their particle size or etching characteristics, and have tagged 
them with identifying names. As they are, however, fundamen- 
tally all pearlitic structures with a difference in particle size, it 
will be sufficiently accurate for the present purpose to call all of 
them pearlitic, distinguishing, perhaps, between coarseness and 
fineness of the structure as shown by the microscope. 

/ In steels containing less or more carbon than the eutectoid 
ratio, essentially the same changes occur, complicated, however, 
by the prior precipitation of excess iron or excess carbide from 
the austenite. Increasing the cooling rate of such materials 
not only lowers the temperature of -di but also lowers the tem- 
peratures (A^ or Acm) where these excess constituents are pre- 
cipitated. 

As is shown in the next chapter, heavy sections do not cool 
uniformly. Because of this, a 2-in. round bar cooled in air or oil 
may contain pearlite or ferrite in several degrees of fineness. 
Thus, the outside, which cools most rapidly, may have a structure 
of fine ferrite and pearlite; half way between center and surface, 
it may be of medium ferrite and pearlite; and at the center the 
structure may be coarse ferrite and pearlite. 

/ 41. Effect of Hot Working on the Structure— So far, the dis- 
cussion in this chapter has been confined to the phase and struc- 
tural changes in carbon steels when they are heated or, more 
important, cooled at varying rates between the temperature where 
austenite is stable and room temperature. It was stated that 
there is no change in the austenite if it is heated or cooled be- 
tween the transformation temperature and the melting* point. 
This is true. There is no change in the internal structure of the 
austenite grains, but there may be a great change in the size of 
the grains. If carbon steel is heated above the transformation 
temperature, the austenite grains grow, and the higher the tem- 
perature the larger the grains. 

Small-grained steels are generally considered to have better 
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properties than coarse-grained material of the same composition. 
Since grain size at room temperature depends largely upon the 
grain size of austenite when it is ready to transform, the grain 
size of austenite should be small. One of the important factors 
affecting the grain size of austenite, and of pearlitc and ferrite, is 
mechanical working. 



Fig. 2o-^Large columnar crystals in a steel ingot, natural size (Hanemann 
and Schrader, Atlas Metallographicus, Berlin, 1987), 

When moltm steel cools, solidification usually begins by 
crystallization at the wall of the mold , and if the temperature 
Of the steel is high when it is poured, and if the ingot or casting 
is large and of favorable shape, these crystals may become very 
large (Fig. 20). Hot rolling or forging, which is ordinarily car- 
ried out at temperatures at which the metal is plastic, breaks up 
the large crystals and elongates the fragments in the direction in 
whidr tho work is applied Thae dongated grains, together with 
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elongated inclusions, give carbon and many of the alloy steels 
their directional properties. 

Austenite grains, even when plastically broken and defoimed, 
have the tendency to grow together again. This tendency is the 
greater the higher the temperature. Hence, if the finishing tem- 
perature of hot working is much above the transformation 
temperature, grain growth may occur while the steel is cooling 
to the transformation temperature, especially if the section is so 
large that cooling is slow. For this reason, if hot-rolled or forged 



Fig. 2i-Strurture of a 0.20 per cent carbon steel (k) as cast and (B) as hot 
rolled; etched, loox* 


steels are to be used without subsequent heat treatment, and if a 
fine grain is desirable, the hot-working temperatures and the 
amounts of reduction are controlled so that the finishing tempera- 
ture will not be much above the transformation temperature. 
Thus, the steel will cool below this temperature before appre- 
ciable grain growth has taken place. The effect of hot working 
in breaking up the coarse grain structure of cast 0.20 per cent 
carbon steel is shown in Fig, 21. 

42. Effect of Cold Working on Structure— Cold working is 
usually defined as mechanical deformation of steel at tempera- 
tures below the transformation temperature. In practice it is 
generally carried out at room temperattire. If steel is plastically 
deformed at these Idw temperatures— as in drawing wire, cold 
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rolling or extruding bars, or cold rolling sheet— the pearlite and 
ferrite grains are elongated in the direction in which work is 
applied. This mechanical distortion results in rapid increase of 
liardness and brittleness. 

At atmospheric temperature, the rigidity of the steel is so great 
that the distorted grain fragments cannot rearrange tnemselves 
by recrystaliizing into their normal equiaxed shape. Hence, if 
cold working is continued, the hardness and brittleness accom- 
panying the fragmentation of the grains will increase with the 
amount of deformation until soon, unless the steel is annealed, 
it will fail. The amount of cold deformation that steel will stand 
depends upon its ductility, which, in turn, is related directly to 
chemical composition and prior heat treatment. Thus, annealed 
low-carbon wire will withstand more reduction by drafting before 
failure, or before reheating for recrystallization becomes neces- 
sary, than annealed medium- or high-carbon wire. The effect 
of cold working on the properties is discussed elsewhere. 

The instability of structure of cold-worked steel and its accom- 
panying hardness and brittleness are caused by the distortion of 
the ferrite and pearlite grains and not, as in quenched steel, by 
the presence of submicroscopic particles of carbide in a distorted 
alpha-iron lattice. But, as the stability of quenched steel can be 
increased by tempering (see Chapter 6), so can the stability of 
structure of cold-worked steel be increased by reheating below 
the transformation temperature. This is known as process 
annealing. 

Structural changes which occur when cold-worked steel is re- 
heated are not gradual. Cold-worked steel is softened by heating 
to 800 to 1200® F. (425 to 650° C.), the exact temperature depend- 
ing on the composition, size of the section, and the amount of cold 
work. Reheating at the proper temperature effects complete 
recrystallization and restoration of the original structure and 
properties. The material can then be cold worked again until 
grain distortion and its accompanying brittleness have become 
so serious that another reheating is necessary. The effect of cold 
working on the structure of a 0.20 per cent carbon steel (whose 
structure as hot-worked is shown in Fig. 21S) is illustrated in 
Fig. ssA. The effect of reheating on the distorted grain struc- 
ture is shown in Fig. 22B. Note that after annealing the grains 
are equiaxed and all indication of distortion has disappeared. 
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43. Effect of Alloying Elements on Structure-Alloying ele- 
ments have important effects on the structure of carbon steels, in 
the slowly cooled stable condition as well as in the rapidly cooled 
condition. These are reflected in many of the properties. The 
alloying elements used in ferrous metallurgy may be divided into 
two classes according to their behavior when present in slowly 
cooled carbon steels. The first includes those elements which 
combine with carbon to form carbides; the second includes those 
elements which do not form carbides. All of the alloying ele- 



Fig. 22—Structure of a 0.20 per cent carbon steel (A) as cold worked and 
(B) as cold worked and annealed; etched, 500 X* 


ments dissolve to a gieater or less extent in the ferrite. Some of 
them exert a strong effect on the ferrite: they increase the strength, 
especially the yield ratio, and frequently make the steel tougher. 
The elements that form carbides increase hardness and affect 
those properties which are related more or less closely to hardness, 
such as wear resistance and machinability, also strength at ele- 
vated temperatures. Some alloying elements strengthen the fer- 
rite and also increase hardness moderately. A general classifica- 
tion of the alloying elements is given in Table 

« Adaption of dassification by £. C. Bain, Yearbook, American Iron and 
Steel Institute, 1954; pp« Sy-iaS; modifi^ in The Alloying Elements in Steel, 
American Sodety for Metals, Oevdand, 1939. 
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In addition to these effects, many of the alloying elements re- 
duce the amount of carbon in the eutectoid. Thus, if 3.0 per 
cent nickel is added to a 0.40 per cent carbon steel, the structure 
after slow cooling consists entirely of pearlite; if no nickel is 
present, the amount of carbon necessary to form the same struc- 
ture is 0.80 per cent. This has an important effect on the prop- 
erties; it reduces the brittleness of some steels after heat treat- 


Table 3, Principal Effects of Alloying Elements on Medium- and 
High-carbon Steels 


] 

AUoying 1 
element 

Effect in 
strengthening 
ferrite 

Effect in 
forming 
carbides 

Effect on 
transformation 
temperature 

Effect on 
harden ability 

Manganese 

Strong 

Weak 

Lowers 

Strong 

Silicon 1 

Strong 

None 

Raises 

Moderate 

Phosphorus 

Strong 

None 

Raises 

Moderate 

Nickel 1 

Strong 

None 

Lowers 

Mild 

Chromium | 

Weak 

Moderate 


Strong 

Copper 

Moderate 

None 

Lowers 

Weak 

Molybdenum 

Weak 

Strong 

Raises 

Strong 

Vanadium 

Weak 

Strong 

Raises 

Strong 

Tungsten 

Weak 

Strong 

Raises 

Moderate 


* Raises or lowers depending on carbon content. 


ment and raises the yield strength. If, for example, an 0.80 per 
cent carbon steel and a 0.40 per cent carbon steel containing 3 
per cent nickel are both heat treated so that the tensile strength 
is 150,000 lb. per sq. in., the other properties will be as follows: 


Property 

Carbon 

steel 

Nickel 

steel 

Tensile strength, lb. per sq. in. « . . , 

, . 150,000 

150,000 

Yield strength, lb. per sq. in 

105,000 

130,000 

Elongation in 2 in., per cent. , . . . . 

12 

20 

Reduction of area, per cent 

40 

55 


The effect of small amounts of the various alloying elements 
on the heat treatment of carbon steels is discussed in the next 
chapter. This is in accord with the statement previously made 
that the primary function of an alloying element is to modify 
the jstruaure (and the properties) of a carbon steel. This is cer- 
tainly true for the low-alloy steels. The economic value of any 
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alloying element is judged solely by evaluating in dollars and 
cents the improvement in properties it is responsible for as com- 
pared with the unalloyed steels available. The high-alloy steels 
are in many cases unique materials; many of them cannot be thus 
evaluated. These are consequently a story in themselves and are 
properly discussed separately. 



Chapter 6 


FUNDAMENTALS OF THE HEAT 
TREATMENT OF STEEL 


TT O improve the cutting and wearing properties of his tools 
and weapons, man has been quenching and tempering them for 
at least 3000 years; but his use of all the operations of heat treat- 
ment to improve the other properties of steel so that it can be 
used most effectively in engineering structures and machines is 
comparatively recent. This more general use was the result of a 
gradual accumulation of knowledge of what went on during the 
change in the crystal structure of iron when it is heated or cooled 
through the transformation temperature. Much of this accumu- 
lation has taken place in the past 50 or 60 years, some of it in the 
last 10 years, and some is going on now. 

Nothing is known about the first deliberate use of quenching 
and tempering. It is reasonably certain, however, that it was long 
before the Christian Era, because the application of heat to in- 
crease the malleability of copper alloys had then been practiced 
for at least a thousand years, and it demanded no startling display 
of intelligence to discover that iron also became more malleable 
when it was heated. Charcoal was the universal heating agent, 
and it was natural to quench the red hot piece into water to cool 
it quickly after hammering it into shape. Thus, all the require- 
ments for producing a hard weapon or tool were met: heating 
low-carbon iron to a bright red heat in charcoal (whereupon it 
absorbed carbon), and quenching the resulting medium- or high- 
carbon steel from above the transformation temperature in 
water* It did not take long to discover that iron so treated would 
cut much better than iron which had not been treated at all; 
hence, intentional repetition of these steps probably followed 
quickly. 

Being inherently inquisitive, homo sapiens, as early as the time 
of (Christ, doubtless tried to explain what happened when steel 
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became hard by quenching. Being also inherently superstitious 
and religious, and not suspecting that charcoal had anything to 
do with it, it was natural that he should attribute hardening to 
something necromantic in the quenching medium. 

As a result, all sorts of mysterious rituals accompanied by awful 
incantations were developed in connection with the heat treat- 
ment of steel, some of which have persisted until fairly recently. 
Medieval literature is filled with the magic procedures developed 
by clerical and secular iron workers, especially for the treatment 
of swords upon which the owner’s life depended. Thus, for ex- 
ample, the Spanish swords of Toledo gained world renown be- 
cause of the supposedly mysterious properties of the water in 
which they were quenched; the famous swords of Damascus were 
heated to the color of the rising sun and were quenclied by plung- 
ing them into the belly of a fat Nubian slave. 

A favorite quenching medium of tenth- to nineteenth-century 
! Europe was urine. The use of this liquid has considerable scien- 
tific justification as recent investigators have shown that sodium 
i chloride brines and other salt solutions extract the heat from red 
hot steel lo to 20 per cent faster than cold water. In most cases, 
however, the medieval smiths insisted that the urine be of special 
; grade: from a three-year old goat which had been fed only on 
ferns for three days, or from a young red-headed boy.^ Feeding 
the goat on ferns is understandable, but modern metallurgy 
cannot yet explain why the boy should be young or red headed. 

The development of a science of the constitution of iroiKarbon 
alloys in the early part of the twentieth century, followed by a 
better understanding of the role played by carbon, was respon- 
sible for the disappearance of practically all the hocus-pocus 
which had been connected with heat treatment for 2000 years. 
Only in a few backwoods blacksmiths’ shops are quenching media 
with mysterious properties still used. 

44. Grain Growth and Grain Size— Most of the operations of 
heat treatment are carried out at temperatures at which the crystal 
units have considerable mobility and at which, under the in- 
fluence of heat, marked changes in structure occur. These 
changes have been of much interest to metallurgists, especially 
in the past to or 15 years, since they have been correlated success- 

iLynn Thorndike, Histi>ry of Magic and Experimental Science, Tht Mac- 
millan Co., New York, 1923, v. 1, p. 769. 
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fully with hitherto unexplained differences in properties in steels 
of the same composition and heat treatment. For this reason^ it 
is necessary to review this elevated-temperature behavior in some 
detail. 

When carbon steels which have been rolled or forged and 
cooled slowly to room temperature are reheated, there is no 
change in structure until the transformation temperature is 
reached. At this temperature, and accompanying the allotropic 
change of alpha to gamma iron and the solution of the carbon in 
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23— Schematic representation of the grain size of carbon steel as affected 
by heating (Stoughton). 


the latter, there is complete recrystallization with the formation 
of small austenite grains. If, now, the steel is cooled slowly, these 
small austenite grains will transform into small grains of pearlite, 
ferrite, or both. Moreover, these small grains will not change in 
size or structure between the transformation temperature and 
atmospheric temperature. ' 

If, however, the steel is heated to the transformation tempera- 
ture and heating is continued, the small austenite grains will grow 
larger, their final size depending upon temperature and time. If 
other things are equal, the higher the temperature and the longer 
the time, the larger will be the grains of pearlite or ferrite into 
which the austenite grains transform upon slow cooling. Tficse 
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changes are shown diagrammatically in Fig. 23.^ The effect ot 
heating to a high temperature on the structure of the steel is 
shown in Fig. 24. 

/ It is evident, therefore, that there are two methods of securing 
fine grain in steel: the first, discussed in the previous chapter 
(section 41), consists of regulating the rolling or forging process 
so that the temperature of the steel when hot working is com- 
pleted will be just above the transformation temperature; the 



Fig. 24— Structure of 0,40 per cent carbon steel {A) heated just above the 
transformation temperature and slowly cooled and (B) overheated and 
slowly cooled; etched, 100 x* 


second consists ol reheating to just above the transformation 
temperature and cooling again. If steels are rolled at such high 
temperatures that grain growth occurs in cooling from the finidi- 
ing temp^ature of rolling to the transformation temperature-^ 
which usually happens owing to the lower cost of rolling at a Very 
high temperature— the resulting large grains in those steels in 
which they are objectionable can be refined and made smaller by 
such reheating. Reciystallization and the production of small 
grains by reheating are commonly employed to refine the struc- 

* B. atoughton, TAe Metallurgy of iron and Steel, McGraw-HBl 
pany, Inc, New Vork, 4th cd., 1934. 
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ture of castings upon which no mechanical work at elevated 
temperature can be done. 

^ 45. Control of Grain Size by Inclusions— Some heaMreating 
operations^ for example carburizing (discussed in section 61), are 
carried out by heating for long periods at temperatures at which 
grain growth usually occurs. For many years it was noticed that 
some steels hardened uniformly after carburizing but others did 
not. No adequate explanation was advanced for this phenome- 
non until about 15 years ago, when McQuaid and Ehn discovered 
a relation between grain size and satisfactory hardening. The 
work of these two investigators, of Bain and Davenport, and of 
many others between 1925 and 1935 has furnished a new concept 
of heat treatment and has emphasized the importance of grain- 
size control in ferrous metallurgy. 

It has been found that by adding definite small amounts of 
aluminum or other deoxidizers to carbon and alloy steels the 
tendency of the grains to grow at elevated temperatures can be 
controlled closely. Steels can thus be produced which, after heat 
treatment, have any grain size desired. It is thought that alumi- 
num (or other deoxidizer) controls the grain-growth tendency by 
forming many minute, almost emulsified, aluminum oxide par- 
ticles which perhaps act as nuclei for the formation of many 
small grains during recrystallization at high temperatures instead 
of the fewer larger grains which would form if grain growth were 
uninhibited. 

For many years a coarse-grained structure was considered to be 
undesirable, and every precaution was taken in hot working and 
heat treatment to avoid it as far as possible. It is now known that 
this is wrong; for some steels, a coarse grain may be valuable. 
The properties of coarse- and fine-grained steels are discussed else- 
where. It is sufficient to state now that, comparedjwith fine- 

f r mne d materials, coarse-^mned steels machine more easily and 
arden more ^eegl^j on dfie not 

cra<$jslp2i3!iy t^en^(j[u and, in geimral, hay£ 

touf^ness.. ai low S ngeratur^r^ jwhen car- 

buiized and Quenched# aielKEeiy to show soft areas on the hard- 
ed s u rface ; coia’se-grained steels harden more uniformly. 

46. Qriin Size irnd %e Temlency for drain Grovtrtii 

-rdt ^odld ^ undemood dearly that graindze control by indu* 
stops as discussed in the previous sec^onis a phenozM* 
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non from grain growth caused by overheating described in section 
44. This can be shown by the following: Assume that steel A 
is an ordinary low-carbon steel not treated to control grain size 
and that steel B is a low-carbon steel of the same composition as 
steel A but treated with o.io per cent aluminum during melting. 
If these two steels are heated above the transformation tempera- 
ture, held for the same length of time, and slowly cooled, the 
grain size will be as follows: 


Grain size of slowly cooled specimens 
after heating to 


Steel 



1560° F. 

1830° F, 
(jooo° C.) 

2100° F. 


(850^ C.) 

(1150° C.) 

A 

Fine 

Coarse 

Coarse 

B 

Fine 

Fine 

Coarse 


/ Grain-size control by inclusions is a restriction of the tendency 
of the grains to grow. This does not mean that the grains will 
not grow larger; it means that, compared with similar material 
which has not been so treated, the grains will not grow so fast nor 
so large. In other words, steel B has a restricted tendency for 
austenite grain growth at elevated temperatures, while steel A 
has not. If steel A is heated to just above the transformation 
temperature, it will recrystallize into small austenite grains which 
will transform into small pearlite and ferrite grains upon slow 
cooling; so will steel B, Heating to higher temperatures, how- 
ever, causes the grains of steel A to grow faster and larger than 
those of steel B. As the actual grain size at room temperature 
depends upon the grain size of the austenite when ft transforms 
to pearlite and ferrite, it follows that the aluminum added to 
steel B has affected the grain size at room temperature only insofar 
as it has affected the grain size of the austenite. 

Tl^e tendency for grain growth and the size of the atistenite 
grains are just as important—and perhaps even more so— in me- 
dium- and high-carbon steels which are quenched as in those 
which are cooled slowly, even if at room temperature all apparent 
differences in structure have been obliterated by quenching. 

Grain-size control is an important recent development in 
ferrous metallurgy and is one of the few in which American 
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metallurgists have forged far ahead of their European coworkers. 
Steels have been classified by austenite grain size (as evidenced 
in slowly cooled specimens) into eight classes (numbered i to 8). 
By controlling deoxidation in melting, steel makers are now able 
to supply coarse- or fine-grained material according to customers' 
requirements. The structures of class 2, containing 1.5 to 3 grains 



Fig* 25— Typical structure of slowly cooled carbon steel having (A) grain 
size 2 t (B) grain size 5, and (C) grain size 8; etched, 100 X* 


per sq. in., of class 5, containing 12 to 24 grains per sq. in., and of 
class 8, containing 96 or more grains per sq. in., all at 100 diame- 
ters, are shown in Fig. 25. 

47. The Mechaniam of Quenching— As discussed in section 40 
and Shown in Fig. 19, increasing progressively the speed of coob 
ing, up to a certain rate, lowers the Ai transformation temperature 
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progressively from 1335® F. (753® C.) to approximately 1020® F. 

(550® C.). While this increase in rate afiEects the speed with which 
the gamma iron transforms, it does not affect the completeness of 
the transformation. Its chief result, therefore, is a reduction of 
the particle size of the precipitated ferrite and carbide. If, 
however, the cooling rate is increased still more, an important 
phenomenon occurs. The transformation temperature is sud- 
denly depressed to 480® F. (250® C.) or lower, and the steel 
becomes very hard and brittle. The rate of cooling which is just 
fast enough suddenly to depress the temperature to 480® F. 
is known as the critical cooling rate (see Fig. 19) and is attained 
by quenching a high-carbon steel in water or (small sections) 
in oil. 



Fig. 26— Schematic representation of a crystal containing (A) no hard particles, 
(B) one large particle, and (C) many small panicles. 


The changes taking place when high-carbon steel is cooled at 
the critical rate oir faster are in general simple, although some of 
the details are not wholly understood. In brief, the mechanism 
of quenching is as follows: At a temperature above 1333® F. 
(723® C.), the structure is austenite, the solid solution of iron 
carbide in gamma iron. In cooling more slowly than the critical 
rate, the face-centered gamma iron changes to body-centered alpha 
iron, and the carbide is thrown out of solution. If cooling is 
faster than the critical rate, the change of face-centered gamma 
iron to body-centered alpha iron is arrested and an intermediate 
crystal structure, the body-centered tetragonal, is formed. The 
carbide, instead of being wholly expelled from solution, is en- 
trapped in the tetragonal lattice as a supersaturated solution. 
The result is a highly strained, very unstable crystal structure 
containing a multitude of entrapped submicroscopic particles of 
hard, brittle carbide* 
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Steel fails under stress by slipping or gliding along crystallo- 
graphic planes of relative weakness (see p. 20); these submicro- 
scopic hard particles of iron carbide act as keys and prevent easy 
slip (Fig. 26). The result is much higher strength and hardness, 
accompanied, however, by increased brittleness. 

As an example of the efiEect of such a phenomenon the following 
properties of small specimens of a 0.70 per cent carbon steel may 
be cited: 


Property 

Slowly 

cooled 

Quenched 
in oil 

Tensile strength, lb. per sq. in 

. . . 95.000 

230,000 

Yield strength, lb. per sq. in 

. . . 50,000 

165,000 

Elongation in 2 in., pet cent 

19 

5 

Reduction of area, per cent 

40 

20 


/ 48. The Structure and Hardness of Martensite—The sudden 
lowering of the transformation temperature to 480® F. (250® C.) 



Fig. 27--Structure of martensite in high-carbon stepl quenched in iced brine, 
{ A ) 500X1 W 3000X; ctdiod 


and the increased hardness and strength are accompanied by the 
formation of a structural constituent known as martensite, char- 
acterized by an angular, needle-like appearance (Fig. 27). The 
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needle-like formation, while common in rapidly cooled high- 
carbon steels of small cross-section, is by no means universal. 
Martensite is a transition constituent; its composition, hardness, 
and appearance under the microscope depend primarily upon the 
amount of carbon, the size of the section, and the quenching 
treatment.^ Depending upon the carbon content, the strength of 
steels which are chiefly martensitic in structure may vary from 
150,000 to more than 350,000 lb. per sq. in., and such steels may 
be as brittle as glass or may show considerable toughness. 

Metallurgists are generally agreed that the primary cause for 
the hardness of martensite (and drastically quenched medium- 
and high-carbon steels) is the precipitation of submicroscopic 
particles of iron carbide from the gamma solid solution and the 
retention of these particles as a supersaturated solution in the 
tetragonal alpha iron lattice, where they act as a multitude of keys 
effectively preventing slip. Some authorities, thinking that this 
explanation does not account for all the hardness, have postulated 
lattice distortion, internal strain, and fine grain size as contribut- 
ing causes. The internal structure of martensite and the causes 
of its hardness are of much interest to the physical metallurgist 
but are of only passing interest to the engineer who wants a basic 
knowledge of heat treatment. Far more important is a realization 
of the instability of structure that results from quenching. 

49. The Instability of Quenched Carbon Steels— When car- 
bon steel is cooled slowly through the transformation tempera- 
ture, all phase changes take place and the carbide is completely 
precipitated as large particles, resulting in a structure, laminated 
pearlite, that is very stable. If, however, the steel is cooled very » 
rapidly, phase changes are arrested before completion, the carbide j 
is entrapped in the crystal lattice as exceedingly minute particles, 
and the lattice is strained, resulting in a structure, martensite, 
which is very unstable. 

As is characteristic of an extremely unstable condition, there 
is a very strong tendency for quenched steel to become more stable 
under the slightest provocation. Reheating to 500® F. (260® C.) 
or above will give the steel enough mobility so that instability 

«For example, in quenching a 2 -in. or larger round bar in ice water, the 
critical cooling rate may be greatly exceeded at and near the surface; it 
may be slightly exceeded in. from the surface; and the cooling rate may 
be much lower than the critical near the center. 
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and the strained structural condition are relieved more or less 
completely, depending on the temperature and the time. 

The instability after quenching is accompanied by high in- 
ternal stresses, so high that frequently a small piece of water- 
quenched high-carbon steel, though undisturbed, will crack 
(Fig. 28) or will, occasionally, go to pieces with explosive 
violence hours or even days after quenching. To relieve these 
stresses and to produce at the same time a more stable structural 



Fig. 28— Quenching cracks in the spline end of a shaft, natural size, etched. 


condition, quenched steel is always reheated. This is known as 
tempering or, colloquially and somewhat inaccurately, as “draw- 
ing.”^ 

*) 50. Structural and Other Changes in Tempering— When a 

drastically quenched high-carbon steel is reheated, two things 
happen: The unstable tetragonal crystal structure of tlie martens- 
ite transforms to the more stable body-centered cubic lattice of 
the ferrite, and at the same time internal stresses are relieved. 
To produce such changes, it is only necessary to reheat to about 

* The term ‘‘drawing*' for tempering originated from the old blacksmith's 
expression “drawing the temper.*' Drawing in its correct sense means pull- 
ing a wire through a die to reduce the aoss-scction. 
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200 to 400® F. (100 to 200® C.); for many steels the temperature 
of boiling water is sufficient. Tempering at these low tempera- 
tures produces such a slight mobility in the steel that there is no 
detectable change in the size of the carbide particles, although 
they are precipitated from the supersaturated solution when the 
tetragonal structure transforms to body centered. Owing to the 
fact that there is no marked change in particle size, low-tempera- 
ture tempering produces no appreciable change in hardness.® 
Tempering at 400® F. (200® C.) or lower is, therefore, commonly 
used for quenched high-carbon tool steels which must be very 
hard but should be free from internal stresses. 

When drastically quenched carbon steel is tempered at 500® F. 
(260® C.) or higher, the particle size of the cementite increases. 
How far this return to stability proceeds depends upon the tem- 
pering temperature and to a lesser extent upon time. Most of 
the growth of carbide particles at any definite temperature occurs 
in the first few minutes; the reaction then slows down but con- 
tinues for some time. In practical heat treatment the time for 
tempering is rarely less than 30 min. for each inch of cross-section. 

As the carbide particles grow larger, it follows that there will 
be fewer of them to act as minute keys to prevent slip (see Fig. 26). 
Hence, hardness and strength decrease, and ductility, as meas- 
ured by elongation and reduction of area, increases. The higher 
the tempering temperature, the larger the carbide particles and 
the more stable the resulting structure. Finally, when the temper- 
ing temperature is within a few degrees of the transformation 
temperature, the cementite has grown to particles so large that 
they are readily visible with the microscope at low magnifications, 
and the properties are practically the same as those of a steel of 
corresponding carbon content cooled slowly through the 
temperature. 

Structural changes in tempering can be followed by microscopic 
examination of polished and etched specimens but not so closely 
as by dimensional changes and other methods. Martensite which 
has a structure similar to that shown in Fig. 27 is white after "etch- 

« Drastic quenching frequently causes small amounts of austenite to be 
entrapped and thus retained at room temperature. Tempering at low 
temperature results in the transformatitm of this residual austenite to mar- 
tdiiite. As martensite is much harder than austenite, low-tempdratuxt 
tempering may cause an increase in hardness. 
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ing (i.e., etches slowly). Tempering at 575® F. (300^ C.) pro- 
duces, for the same degree of etching, a dark, almost black, struc- 
ture indicating precipitation and considerable growth of the car- 
bide particles. After tempering at 1 100® F. (595® C.) the particles 
have increased in size so that they are visible in the microstruc- 
ture. These two stages are shown in Fig. 29. 



Fig. 29— ‘Structure of high-carbon steel quenched in ice water and tempered 
(A) at 575® F. (300° C.) and (B) at iioo"* F. (595® C.); etched. 500X. 


51. Effect of Alloying Elements on Transformation Tem- 
peratures— The two most important effects of the alloying ele- 
ments on steel— responsible in large measure for the large and 
valuable collection of special high-alloy steels available— are a 
change of the temperature at whici austenite transforms to pearl- 
ite and, especially, a change of the rate of this transformation. 
One group of alloying elements raises the equilibrium tem- 
perature, another group lowers it (see Table 3, p. 83), It is 
generally true that increasing the amount of an alloying element 
increases the amount of lowering or raising as the case may be. 
For example, if enough manganese or nickel is added (and if the 
carbon percentage is carefully controlled), the transformation 
temperature is lowered until it is at atmospheric temperature or 
below, \^en this occurs, austenite, the solid solution of carbide 
m gamma iron, stable in carbon steels only at elevated tempera- 
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tures, becomes more or less stable at atmospheric temperature. 
Such steels cannot be hardened by quenching, as no allotropic 
change occurs between room temperature and the melting point. 
Austenitic alloy steels form a group of important industrial 
materials. 

Most of the elements which raise the alpha-gamma transforma- 
tion temperature also do it progressively, with the result that, if 
enough is added (and if the carbon percentage is carefully con- 
trolled), this critical temperature may for all practical purposes 
disappear.® When this happens, the alloy undergoes no allo- 
tropic change, no austenite is formed, and alpha iron, the body- 
centered crystalline form of iron, is stable between atmospheric 
temperature and the melting point. As in the austenitic steels, 
no appreciable hardening by quenching is possible. 

The most important role played by the alloying elements, 
especially in the low-alloy structural and engineering steels, is 
in slowing the rate at which austenite changes to pearlite. It is 
shown in detail in section 40 (see also p. 91) that austenite in 
carbon steels transforms to pearlite rapidly in the temperature 
range 1 100 to 900° F. (595 to 480® C.), hence, very rapid cooling 
is necessary to suppress this change and form martensite. In fact, 
this change can be suppressed only in pieces of relatively small 
cross-section (i.e., large sections do not harden throughout). As 
indicated in Table 3, most of the alloying elements slow down 
the transformation from austenite to pearlite and thus increase 
the hardenability of the steel. 

It is evident from this brief exposition of the principal effects 
of the alloying elements that by adding them in various combina- 
tions and by regulating the carbon percentage steels with a wide 
variety of properties can be made. Thus, it is relatively easy to 
produce low-alloy steels with properties so much better than cor- 
responding carbon steels that they are considerably cheapet* in 
some applications than carbon steels. It is also possible to make 
high-alloy steels which, by proper regulation of the alloy and car- 

« Actually the ^3 temperature is raised and the J4. temperature, which 
marks the change at high temperature from delta to gamma iron (sec sec- 
tion la), is lowered until the two meet, forming a loop at the left side 
of the phase diagram. Within this loop, the location of which depends on 
thfc carbon content, austenite is stable. This is a phenomenon of no im- 
portance to engineers excqjt in the case of stainless steels. 
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bon contents, are harder at a red heat than hardened carbon 
steels are at normal temperature; or steels so tough that they 
stretch easily under load; or steels so resistant to rusting that they 
remain untarnished indefinitely; or steels with a coefficient of 
expansion that is zero or that is the same as that of glass or plati- 
num; or steels of other desirable combinations of properties. 

52. Hardenability— The hardenability or hardening power of 
a steel is a measure of its response to quenching as affected by 
its mass. The hardness of a quenched high-carbon steel tool, both 
on the surface and throughout the cross-section, is dependent 



Fig. 30— Cross-section of eight water-quenched i-in. round bars of 1 per cent 
carbon steel, polished and lightly etched (Bain). 


upon a number of variables including tlie temperature from which 
it is quenched and the speed with which the heat is extracted by 
the quenching medium. This is discussed in the next chapter. 
Despite the rigid control of these variables, all high-carbon steels 
do not behave alike in their response to quenching; even steels of 
practically identical composition differ in hardenability. This is 
shown by Fig. 30, taken from a paper by Bain,^ one of the pioneers 
in studying this phenomenon. Eight i-in. bars of 1.0 per cent 
carbon steel were heated and quenched under identical condi- 
tions. They were then sectioned, polished, and etched with add. 

7 E, C, Bain, Trans. Am. Soc. Steel Treat., v. so, 193a, p. 387. 
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The lepth to which they hardened is shown (white) in Fig. 30. 
Specimen 1 hardened only at the surface; specimen 8 hardened 
completely throughout the section. Bain traced this difference 
in hardenabiiity to a difference in the austenite grain size and 
found that thei coarser the grain just before the steel was quenched 
the deeper was the steel hardened. 

In a previous section (40) it was stated that increasing the 
cooling rate lowers the apparent temperature at which gamma 
iron changes to alpha iron and simultaneously rejects carbide, and 
that it also alters the rate of this cliange. With moderately fast 
cooling, the transformation is lowered to 900 to 1100^ F. (480 to 
595^ C.), and the time required for transformation is decreased 
from around 20 min. to 1 or 2 sec. (see Fig. 19). It is also stated 
previously (section 47) that, in order to form martensite and thus 
have a completely hardened steel, it is necessary to cool at the 
critical cooling rate or faster, in other words, fast enough to sup- 
press the rapid transformation of austenite to fine pearlite at 
900 to 1 100® F. For small sections of high-carbon Steel, quench- 
ing in cold water completely suppresses this transformation, and 
the piece hardens throughout. In large sections, however, the 
diffusion of heat from center to surface is too slow; hence, al- 
though the surface of the piece cools fast enough to suppress the 
change to fine pearlite, this is not the case for the center. The 
result is shallow-hardening as shown in Fig. 30. 

As it is impossible to speed up the diffusion of heat from the 
center to the surface of a large bar enough to suppress the change 
to fine pearlite, the only practical method of securing deep hard- 
ening is to decrease the rate of the change in the temperature 
range 900 to 1 100® F. Metallurgy owes to Bain and his coworkers ® 
a great debt for their study of the reaction rates of austenite 
transformation at various temperatures, especially at 900 to 
1 100® F., and for methods of controlling these rates. 

53. Effect of Grain Size and Alloying Elements on Harden- 
ability—The work of Bain and his associates has already had im- 
portant ramifications in the art of heat treatment, especially in 
showing that increasing grain size increases the time necessary 
for the austenite to change to fine pearlite at 900 to iioo^F. ' 

«E. S. Davenport. R. H. Aborn, W. S. N. Waring, E. L. Rod, J. J. B. 
Rutherford, G. £. Guellich, J. R. Anderson, and J. R. Vilella at the Research 
laboratory. United States Sted Corporation. 
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(which is about i sec. for fine-grained high-carbon steels). It is 
unnecessary to discuss the actual mechanism of this change. The 
important fact is that the transformation is greatly slowed, hence, 
more easily suppressed, with the result that it is possible to quench 
relatively large sections and have the interior as well as the surface 
cool at the critical cooling rate or faster. 

Table 3 of the previous chapter gives a classification of tlie 
alloying elements as they affect hardenability. Manganese, 
molybdenum, and chromium are very effective; silicon, phos- 
phorus, and tungsten are moderately effective; and copper and 
nickel are little effective. Manganese and molybdenum are 
the most effective of all the alloying metals. As an example, 
Bain gives the time for a high-carbon steel to transform to 
fine pearlite at 1000® f. (540® C.) as less than 1 sec. for 0.5 per 
cent manganese, 10 sec. for 2.0 per cent manganese, and about 
400 sec. for 4 per cent manganese. Vanadium and chromium are 
also effective. 

Deep hardening is important for tools, which must be sharp- 
ened frequently, and for dies, for which high hardness is necessary 
but in which distortion caused by quenching must be prevented. 
By adding 1.5 per cent manganese to a 0.90 per cent carbon steel 
the transformation at 900 to 1100® F. (480 to 595° C.) can be 
suppressed entirely, and full hardness can be secured by quench- 
ing in oil instead of in water, thus minimizing the distortion 
which frequently results from quenching in the more drastic 
medium. 



Chapter 7 

THE OPERATIONS OF HEAT TREATMENT 


X HE value of heat treatment to mankind, emphasized in no 
uncertain terms in previous chapters, has little relation to the 
proportion of the world’s steel tonnage which is treated. This 
amounts, in the United States, to possibly one or two million 
tons annually, certainly less than five per cent of the total apiount 
of steel used. Heat treatment is most valuable for tools and dies 
which are in turn a very small proportion of heat-treated steel. 
Heat-treated tools and dies may be compared with the action of 
enzymes in the human organism. Like these minute organic sub- 
stances which are responsible for the digestion and assimilation of 
large quantities of foodstuffs, heat-treated tools and dies are 
responsible for the economical digestion by industry of a hundred 
million or more tons of untreated steel. 

Heat treatment is ordinarily an expensive operation, because 
costly furnaces, quenching baths, apparatus for controlling the 
atmosphere in the furnace, and temperature-recording and -con- 
trolling equipment are necessary. Some treatments cost as much 
or more than the steel itself, but this is no criterion of the value 
of the operation. Moreover, the cost of steel and of treatment is 
usually a very small part of the cost of the finished article and 
is even a smaller proportion of the value of the article to industry. 
One example will indicate this. The steel in a die may cost $2.00 
and the heat treatment may increase this to $4.00. On this $4.00 
die, the machine work frequently costs $100.00, but the completed 
die will turn out thousands of pieces of a finished product at a 
cost which is a very small fraction per piece of the cost of a similar 
product turned out, one by one, by hand. 

Owing to the economic value of a properly heat-treated article 
and to the customary expense of the machine work to prepare 
this article for use, it is poor economy on the part of the engineer 
to take chances on the quality of the steel or the heat treatment 
so that a few cents may be saved. It is, furthermore, poor practice 
for the engineer to design expensive tools, dies, or other parts 
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without requesting the metallurgist to advise whether the finished 
article will or will not survive the heat treatment satisfactorily. 
Thousands of dollars are wasted every year because tools and 
other articles, which cost much to machine, crack in quenching. 
Such waste can usually be prevented by the intelligent selection 
of the proper steel and by avoiding, in the design, sharp corners 
or reentrant angles where stresses concentrate. This factor is 
discussed in some detail later in this chapter. 

The operations of heat treatment discussed in this chapter are 
those used for carbon steels, most alloy steels, and some non- 
ferrous alloys. Modifications of these, used for a few high-alloy 
steels, for certain other iron alloys, and for a number of non- 
ferrous alloys, are described in the chapters where these materials 
are discussed or in the chapter on precipitation hardening. The 
usual operations of heat treatment are divided into two classes: 
(i) varying the cooling rate and (2) surface hardening. The first 
class covers five industrial operations which dej>end upon the rate 
of cooling from above the transformation temperature or upon 
reheating a rapidly cooled steel to cause changes in the dispersion 
of the carbide. These are annealing, normalizing, spheroidizing, 
quenching, and tempering. The meaning of the last two should 
be clear from the discussion in the previous chapter; annealing is 
a softening operation and normalizing and spheroidizing are va- 
riants of the annealing process, used to produce a specific struc- 
tural condition and special properties. There are two more 
operations: patenting, which is used extensively in wire manu- 
facture, and “austempering,’' both of which are varieties of 
j quenching and tempering. 

54. Annealing— The primary object of annealing is to soften 
the steel so that it can be machined readily, and to refine the grain 
of castings and of hot-rolled products in which grain growth has 
taken place. In air cooling after rolling or forging, medium- 
and high-carbon steels frequently cool unevenly and are, there- 
fore, heterogeneous in structure and hardness. Annealing equal- 
izes the structure and makes the steel uniformly soft. 

For annealing, the material is slowly and uniformly heated to 
a temperature above the transformation (Fig. 31),^ held at 

^American Society for Metals, Metals Handbook, 1959 ed., p. 993. The 
lower-case c when used with the A signifies that this is the transformation 
point in heating, which is somewhat above the equilibrium A temperature. 
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this temperature until heated through, and then cooled slowly to 
atmospheric temperature. Except for the spheroidization of the 
carbide discussed in the next section, this slow cooling results in 
the most stable structure possible to obtain in ordinary carbon 
steels, a structure in which the cementite and ferrite making up 
the pearlite are coarsely laminated plates and in which the excess 
ferrite, if much is present, is in the form of equiaxed polyhedral 
grains. These structures are shown in Fig. i8. Except for the 
spheroidizing treatment, ordinary annealing produces the lowest 
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hardness and strength, highest ductility, best machinability, and 
poorest wear resistance obtainable in carbon steels containing 
less than the eutectoid ratio of carbon (o.8o per cent). Annealing 
is described in detail in all elementary textbooks on metallurgy, 
and procedures governing heating, holding at the proper tempera* 
ture, and cooling have been worked out and are tentatively 
standardized.® 

As discussed in a previous chapter, cold working rapidly in- 
creases the hardness and brittleness of carbon steels. Hence, cold- 
drawn wire and cold-rolled sheet must be “process annealed" by 
heating to the recrystallization temperature before the material 
can be cold worked further. Process annealing consists (as noted 
on p. 8i) of heating below the transformation temperature the 

s American Society for Metals, Metals Handbook, 1939 ed., p. ^9. 
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exact temperature depending on the carbon content and the 
amount of cold work. For low-carbon material, there is a critical 
temperature, which also varies with the amount of cold work, 
which causes recrystallization to go too far, thus resulting in very 
large grains that impair the ductility. Low-temperature anneal- 
ing is also used to relieve stresses, especially in welded structures. 

55. Normalizing and Spheroidizing— In many steels contain- 
ing more than 1 per cent carbon, slow cooling from a high tem- 
perature causes the excess carbide to form a network around the 



Fig. ga—Structure of high-carbon steel (A) normalized and (B) spheroidized; 

etched, 500 X* 


grains (Fig. i8£). This network is very stable and is unaffected 
by heating to the usual annealing temperatures (Fig. 31). If 
present, it increases difficulty and cost of machining and does not 
go entirely into solution when the steel is heated to the usual 
hardening temperatures. Such steels are, therefore, commonly 
normalized. This consists of heating to above the tempera- 
ture (Fig. 31) to dissolve the excess carbide in the austenite, fol- 
lowed by cooling rapidly enough— for example in air— so that 
insufficient time is available for the excess cementite to form a 
network or for the cementite in the pearlite aggregate to form 
large plates. The structure after normalizing consists of very fine 
particles of cartMes and ferrite (Fig. In this condition. 





to6 MODERN METALLURGY FOR ENGINEERS 

the Steel is somewhat harder, stronger, and less ductile than if it 
is annealed. 

If, now, the normalized high-carbon steel is reheated to just 
below the transformation temperature (^i), these fine particles 
of carbide coalesce into spheres (Fig. $2B) instead of forming 
plates. This process is spheroidizing. The steel is now very soft 
and readily machinable, and, when it is heated for quenching, 
more of these spheroids of carbide go into solution— provided the 
spheroids are not too large— than would be the case if the carbide 
were in the form of plates, and a harder material results. 

An operation similar to normalizing and spheroidization in its 
effect on the properties of steel is the homogenization of heavy 
forgings of medium-carbon steel. Owing to large temperature 
gradients or unequal deformation in hot working, the structure, 
and properties, in various parts of the same piece (as hot-worked) 
may be heterogeneous. This is eliminated by normalizing (air 
cooling) followed by reheating below the transformation tempera- 
ture (-^i)* Compared with annealed steel of the same composi- 
tion a normalized and reheated material has equal or slightly 
lower strength, but the elongation and reduction of area are 
considerably higher. Homogenization may be the same treatment 
as normalizing and spheroidizing, or it may differ in that the 
reheating temperature of the normalized forging may not be that 
at which spheroidization takes place. 

/ 56. The Operations of Quenching and Tempering— The dis- 
cussion in the previous chapter of the principles underlying 
quenching and tempering included details of structural changes 
and related changes in properties. These may be summarized by 
stating that, for carbon steels, it is generally true that the faster 
the heat is extracted the harder and stronger and more wear- 
resistant is the material. This hardness is frequently accom- 
panied by excessive brittleness: water-quenched high-carbon steels 
have been known to shatter like glass if dropped on the floor. 
Tempering lowers the hardness and strength and decreases wear 
resistance; it also increases ductility. These changes are discussed 
in Chapter 6, and it is not necessary to repeat them here. 

Whether or not a high-carbon steel hardens throughout its 
cross-section depends on the size of the cross-section, the harden- 
ahility of the steel (see p. 99), and upon quenching temperature 
knd quenching medium. For steels of the same cross-section and 
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hardenability, the probability of deep hardening is generally 
greater the higher the temperature and the more rapidly the 
coolant extracts the heat. Hardening temperatures for carbon 
steels are the same as full-annealing temperatures (see Fig. 31). 
High temperatures favor homogenization of structural irregu- 
larities. Since they also cause grain growth, the ranges used (Fig. 
31) are a compromise: they are considerably above the transforma- 
tion temperatures to permit some equalization of the structure, 
but they are not so high that grain growth is serious. 

Carbon steel is heated slowly and uniformly to the hardening 
temperature and is held at this temperature just long enough for 
the heat to become uniform throughout the cross-section. It is 
then rapidly removed from the furnace and quenched in the 
selected medium. To prevent the formation of an insulating film 
of gas on the surface of the hot piece, it is moved constantly in the 
liquid, or the liquid is circulated, until the piece is almost cold. 
As for annealing, the various stages in the operation of quenching 
have been worked out and are fairly well standardized.® 

For tempering, the hardened steel is reheated— in a furnace, in 
heavy oil, in molten salts, or in molten lead— and held long 
enough for the heat to penetrate to the center. For most steels, 
the speed of cooling after tempering is of little consequence, pro 
vided the steel was not heated to the transformation temperature. 
In practice, the cooling after tempering is usually in air. 

57. Quenching Media— Modern heat-treating operations are 
carried out under carefully controlled conditions. Pyrometers 
are used to measure and control the temperature, and for some 
products the steel is heated in a controlled atmosphere to prevent 
scaling and decarburization.^ Before the day of the thermo- 
electric pyrometer and the automatic furnace with a controlled 
atmosphere, successful heat treatment depended primarily upon 
the experience and skill of the heat treater. The steel was heated 
to a “cherry** or “bright red'* (see Fig. 33). After quenching, the 
scale was removed and the temperature of tempering was judged 
by the formation of colored oxide films (temper colors), ranging 

ft American Society for Metals, Metals Handbook, 1959 ed., p. 955. 

4 If the furnace atmosphere contains oxidizing gases, the carbon in the 
outer layers of the sted combines with the oxygen in the gas. The result is a 
decarburized outer zone which does not harden in quenching. 
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from yellow through straw and purple to blue, on the surface of 
the steel. Some of the older tool makers still use this method. 

One of the most important factors to be considered in harden- 
ing steel is the mass effect. When a piece of red hot high-carbon 
steel is quenched, the speed with which it cools to a black heat or 
below depends upon two factors: the rate at which the quenching 
medium extracts heat from the surface and the rate at which the 
heat diffuses from the center to the surface. In small specimens, 



Fig. S3— The simplest form of pyrometer (Courtesy of American Society 

for Metals). 

the first is the more important, and if the quenching medium 
carries away the heat rapidly, the piece will be hardened uni- 
formly throughout. In large sections, the second factor is of 
major importance, and since the diffusion rate is low compared 
with the rate at whicli heat is lost from the surface, such sections 
are rarely hardened uniformly. If deep hardening is of prime 
importance, alloy steels must be used for heavy sections. 

There are three common quenching media: water, oil, and 
air. Water extracts the heat most rapidly; oil is only so to 40 
per cent as effective; air is still slower. Water is used when very 
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high surface hardness is desired, but its use is usually accompanied 
by the introduction of high internal stresses. For carbon steels, 
oil results in much lower surface hardness, but its use is accom- 
panied by fewer internal stresses, and those introduced are of 
lower magnitude. When superhardness is required or when the 
steel is of such a nature that it does not harden uniformly, a 
spray of cold water under high pressure or a cold 5 to 25 per cent 
brine solution should be used. 

58. Internal Stresses— The internal stresses introduced by 
quenching are the result of (1) dimensional changes in cooling, 

(2) large temperature gradients between surface and center, and 

(3) the change in volume accompanying the change from gamma 
to alpha iron. If the steel is ductile, these changes cause plastic 
flow of the grains which relieves the stress. In high-carbon steels 
where no plastic deformation takes place these stresses may build 
up to a high value. 

Stress distribution in quenching is complex and difficult to 
analyze accurately. In many instances, it is certain that the sum 
of the induced stress and the working stress is near or above the 
tensile strength of the steel. Thus, it was found ® that in hollow 
cylinders the stress at the inner surface of the hole introduced in 
quenching was about 150,000 lb. per sq. in. As the working stress 
on the cylinders was 100,000 lb. per sq. in., the total stress was 
250,000 lb. per sq, in, or close to the actual tensile strength of the 
steel. 

Internal stresses may affect the strength and ductility and 
frequently cause warping and cracking. The magnitude of these 
stresses is dependent on the size and shape of the piece, the kind 
of steel, the quenching temperature, and the coolant. When the 
stress builds up to a value higher than the tensile strength, the 
steel cracks. There are two types of such defects: local cracks, 
which are usually external and start at sharp corners or deep tool 
marks (see Fig. 28), and internal cracks, which follow the major 
axis of the piece. Quenching in water is more likely to cause 
cracking than quenching in oil or air. Coarse-grained steel cracks 
more readily than fine-grained material. Localized heating in 
grinding frequently causes cracking, as does increasing the 
quenching temperature. 


• O. V* Greene, Trans, Am, Soc, Steel Treat,, v. i8, 1950, pp. $69-403. 
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The best methods of avoiding quenching cracks are: (i) use 
generous fillets where the contour changes and avoid tool marks 
which may act as a notch; (2) avoid rapid heating, especially 
through the transformation range, which may cause cracking due 
to uneven expansion; (3) temper immediately after quenching; 
and (4) quench in oil instead of water wherever possible. 

59. Interrupted Quenching—One result of the study of reac- 
tion rates by Bain and his associates ® was the discovery of “aus- 
tempering,” a process of interrupted quenching whereby high- 
carbon and low-alloy steels of suitable composition and cross- 
section can be hardened without cooling to atmospheric tempera- 
ture, thus eliminating the possibility of introducing high quench- 
ing stresses with possible distortion or cracking as discussed in 
section 58. The process cannot be used if a very hard martensitic 
structure, as obtained by water quenching and tempering at 200 
to 300° F. (100 to 150° C.), is desired, but it may be used to 
obtain a structure corresponding to tempered martensite of any 
required degree of fineness, such as is usually attained by cooling 
rapidly to room temperature followed by reheating to 400® F. 
(200® C.) or above. 

At any temperature below the transformation the austenite 
transforms to pearlite of definite structure at a definite rate. If, 
therefore, small specimens of high-carbon steel are heated above 
the transformation temperature and are quenched very rapidly, 
transformation of the austenite is prevented. If the quenching 
bath is maintained at any desired temperature— for example 400 
to 800° F. (200 to 425® C.)— and if the specimen is held in this 
bath for a definite time, the transformation of the retained austen- 
ite and the resulting structure may be controlled closely. Steels 
so treated are more ductile than similar steels cooled rapidly to 
room temperature and tempered at a temperature that produces a 
corresponding structure. The hardness and strength of the 
austempered steel are about the same as if it had been quenched 
and tempered in the usual manner, but elongation, reduction of 
area, and impact resistance are higher. The explanatiqn ad- 
vanced for the higher ductility in the austempered steel is its 
freedom from submicroscopic cracks which are caused by drastic 
quenching (to form martensite) and not subsequently healed by 


• £. C. Bain and £. $. Davenport, U. S. Patent 1,924,099, Aug. 29, 1933. 
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tempering. Austempering is already used on a commercial scale 
in the heat treatment of wire. 

6o. Patenting-Patenting is a very old process used to heat 
treat medium- and high-carbon rods which are to be cold drawn 
into high-strength wire. The rods or the wire (if patenting is 
used as an intermediate stage in drawing coarse wire to finer sizes) 
are heated to a temperature considerably above the trans- 
formation temperature, so that some grain growth takes place, 
and cooled rapidly in air or quenched in a bath of molten lead 
maintained at 850 to 950° F. (455 to 510° C.). The object of 
patenting is to produce a fairly coarse austenitic grain which 
transforms in the air or at the lead-bath temperature to large 
pearlite grains which are made up of fine ferrite and cementite. 
Such a combination of controlled overheating and finely dispersed 
carbide and ferrite in the pearlite is essential for the steel to with- 
stand the cold work to which the wire is subjected in drafting, 
and is also essential if satisfactory quality is to be secured. 

Patented and cold-drawn wire for use in cables in suspension 
bridges is fairly high in carbon and has a final strength of around 
225,000 lb. per sq. in. and an elongation of about 2 to 6 per cent 
in 10 in. Patented and cold-drawn wire is the only suitable mate- 
rial found thus far for suspension-bridge cables. A high-carbon 
wire, cold drawn and then quenched and tempered so that it has 
the same mechanical properties, is unsatisfactory. The reason for 
this is not clear, but the first attempt to use heat-treated wire 
instead of patented and cold-drawn material ended so disastrously 
that it is doubtful whether it will ever be tried again.^ Patented 
and cold-drawn wire has been used for suspension-bridge cables 
for many years, and failures are unknown. The most that can be 
said is that apparently the equiaxed structure of the heat-treated 
wire does not resist so well as the elongated "fibrous'' structure of 
the cold-drawn material the propagation of minute cracks on the 
surface, formed when the wire is bent around the anchorage shoes. 

7 The wire used In the construction of the Mt. Hope Bridge, at Providence, 
and the Ambassador Bridge, at Detroit, contained 0.80 per cent carbon and 
was oil quenched and tempered. Although the mechanical properties were 
satisfactory, the wires began to fail soon after the cables were spun; the 
bridges had to be dismantled and rebuilt with the usual patented and cold- 
drawn wires in the cables. See E. E. Thum, Metal Progress, v. 21, 1952. 
No. 6; V. 22# Nos. 1, 2, and 5. 
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^ 6i. Carburizing— Heat treatment also includes another impor- 
tant class of industrial processes: surface hardening. In this 
class are carburizing, nitriding, and flame and induction harden- 
ing. Carburizing is one of the oldest processes of hardening steel; 
nitriding, flame, and induction hardening are the youngest. The 
object of all four is to produce a finished steel article having a 
hard surface and a soft ductile core. 

There are many important industrial products, such as gears, 
camshafts, piston pins, and the like, which should have a hard, 
wear-resistant surface and a tough core. Carburizing is the most 
widely used method of securing such a combination of properties. 
In this process, unalloyed low-carbon or low-carbon alloy steel is 
heated in contact with a carbonaceous material, from which the 
steel absorbs carbon. The depth of absorption depends on tem- 
perature, time, the alloying element present (if any), and the car- 
burizing compound. With a commercial compound, a case Vlq in. 
deep is obtained by heating for 8 hr. at 1700° F. (925® C.). 

Two general methods are in use: pack carburizing and gas car- 
burizing. In the former, the steel article, fully machined and 
finished except for a small allowance for grinding, is packed, to- 
gether with the compound, in a heat-resistant alloy box. The 
carburizing compound is coke or charcoal mixed with an “ener- 
gizer,” which is usually barium carbonate. At the carburizing 
temperature, the barium carbonate dissociates into barium oxide 
and carbon dioxide; the latter reacts with the carbon in the cliar- 
coal to form carbon monoxide gas (CO2 -f C = 2CO). This gas 
reacts with the iron at the surface of the steel to form iron carbide. 
By diffusion, the carbon then penetrates below the surface. In 
the other method, used chiefly for small articles, the steel is heated 
in a retort furnace into which a gas composed of hydrocarbons or 
carbon monoxide is introduced. This method is more rapid than 
pack carburizing, and the case depth can be more closely con- 
trolled. 

After carburizing for a sufficient time at the proper temperature 
(both of which have been standardized), the carbon at the sur- 
face varies from about 0.8 to about 1.1 per cent. This grades off 
uniformly with increasing distance from the surface, until at a 
depth of ^ or % in. the structure is unaffected. Typical strut- 
tut'es of slowly cooled carburized steel, at the surface (A) and in 
the transition zone (JB), are shown in Fig. 34. 
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Carburized steel is always heat treated to produce the required 
hardness of the case, and usually to improve the ductility of the 
core which may be too coarse-grained from the long heating at 
high temperature. The various heat treatments for carburized 
steel are standardized, and specifications have been issued cover- 
ing the various operations.® After heat treatment, the case of 
carburized steel articles is martensitic in structure and very hard, 
and the core has the ductility of low-carbon steels. Even greater 



Fig. 34-*-Structure of slowly cooled carburized steel (A) at the surface and 
(B) in the transition zone between surface and core. The structure of the 
low-carbon core is shown at the bottom of B, Etched, 100 X- 


toughness and shock resistance, combined with a hard surface, 
can be secured by carburizing a low-carbon alloy steel, especially 
one containing 3 to 5 per cent nickel. 

Austenite grain size is important in carburizing steels. After 
carburizing and heat treatment, a coarse-grained material has a 
uniformly hard surface, but the core may not have such high 
impact resistance as is generally desired. Fine-grained steels, on 
the contrary, are prone to carburize irregularly and develop soft 
s Society of Autotnoiwe Engineers* Handbook, 1959 ecL, pp. s69-a97. 
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spots on the surface after heat treatment. This can frequently be 
avoided by special quenching techniques, most of which use a 
spray of water under pressure, or by the use of alloy steel. 

62. The Nitriding Process-Nitriding, a relatively new process 
for producing a hard surface on steel, uses nitrogen as the harden- 
ing agent instead of carbon. It was invented by Adolf Fry in 
Germany about 20 years ago and is already used widely in appli- 
cations where a superhard surface combined with considerable 
corrosion resistance and resistance to softening at elevated tem- 
peratures is desired. It is used by the automotive and aircraft 
industries for valve seats and guides, gears, and piston pins of 
internal-combustion engines and in a number of applications in 
steam plants and oil refineries. 

The process consists of heating the finish-machined article in 
a closed container into which ammonia gas is forced under pres- 
sure. At a temperature of 850 to 1000° F. (450 to 540° C.) the 
ammonia is mostly dissociated into nitrogen and hydrogen. The 
former combines with the iron and other elements in the steel to 
form complex nitrides which diffuse into the surface layers. This 
diffusion is slow: a case varying in depth from 0.0005 
is obtained after 5 to 25 hr. 

Unalloyed carbon steels cannot be nitrided successfully. Some 
alloying element which forms a stable nitride must be present. 
The steels used for nitriding, therefore, contain chromium, alumi- 
num, molybdenum, and vanadium in various combinations. Alu- 
minum and chromium are the effective elements in producing 
high hardness, while molybdenum and vanadium increase the 
toughness of the steel and also increase the depth of penetration 
of the nitrogen. Nitriding steels are usually heat treated before 
nitriding to obtain the desired mechanical properties, which are 
not affected by the treatment with ammonia. 

63. Advantages and Disadvantages of Nitriding— The out- 
standing advantage of nitriding is high surface hardness and wear 
resistance. This surface hardness cannot be equaled by any other 
method known to ferrous metallurgy. It averages a Vickers hard- 
ness number of 1200 as compared with 650 to 700 for quenched 
high-carbon steel of maximum hardness. 

Another advantage is that no subsequent heat treatment is 
necessary, as it is for carburized steel. Nitriding is, however, 
accompanied by an increase in the size of the section. This 
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growth is dependent upon the time and temperature of the opera- 
tion but is constant for a given set of conditions. It averages o.ooi 
to 0.002 in. for the usual temperatures and for nitriding periods 
of 15 to 20 hr. To allow for this growth, parts which are to be 
nitrided are machined so that they are undersize by the amount 
of the expected growth. If it is desired to prevent the absorption 
of nitrogen in certain areas, these are plated with nickel or coated 
with tin. 

Nitriding is a relatively costly process. In the first place, special 
alloy steels are necessary; in the second, nitriding equipment is 
expensive. A nitrided camshaft, for example, costs from 5 to 15 
times as much as a comparable article which has been carburized 
and heat treated. Since the cost depends largely upon the quan- 
tity treated, an appreciable reduction in cost is anticipated if the 
demand for nitrided steel would permit large-scale production. 

Nitrided cases are very stable: the hardness is unaffected by 
long heating at temperatures as high as 750 to 850° F. (400 to 
455° C ) is not affected by heating for short periods at tem- 
peratures as high as 1000 to 1100° F. (540 to 595^ C.). The sur- 
face is resistant to such corrosive agents as the atmosphere, alkalis, 
crude oil, tap water, salt water except when it is moving, ethyl 
gasoline, and many others. It is, however, not resistant to min- 
eral acids. It has the highest wear resistance of any ferrous ma- 
terial and is finding increasing use in applications where this prop- 
erty is of prime importance. 

64. Flame Hardening and Induction Hardening— There are a 
number of applications for steel articles which should be hard 
only in a relatively small area on the surface. For such uses, it is 
not economical to heat treat a section weighing a hundred pounds 
or more by the usual method of heating in a furnace followed by 
quenching and tempering, or by carburizing to harden the whole 
surface. In some cases, heat treating a complex section by tlie 
usual method causes too much distortion. Also, it is not generally 
economical to operate a furnace for the treatment of a single piece. 
For heat treatment under such conditions as these, flame harden- 
ing and induction hardening have been developed recently. 

Flame hardening consists of heating above the transforma- 
tion temperature any desired external spot of the finished steel 
article, as for example the teeth of a gear (Fig. 35),® with an oxy- 

• K. L. Rolf, Truns. Am. Soc. Metals, v. 27, 1939, pp. 43-60. 
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acetylene torch. This is adjusted for flame composition so that 
the steel does not oxidize. The distance of the torch from the 
work and the time of heating are also controlled so that the steel 
does not become overheated to the point where grain growth is 
serious. As soon as the surface area is at the proper temperature. 



Fig. 35— Flame hardening the teeth of a large gear (Rolf), 


it is quenched and immediately tempered to relieve quenching 
stresses. 

Two general methods are used. In the first, the steel piece is 
fixed and the torch moves across the area to be heated at a pre- 
determined rate. This must be controlled carefully as tho tem- 
perature of the oxyacetylene flame is approximately 6300^ F. 
{5500® C.), but the piece to be hardened should not be heated 
higher than 1475 to 1550® F. (800 to 850° C). In the second 
method, the torch is stationary, and the steel piece moves slowly 
under the flame. The hot area is usually quenched in water 
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which is conveniently conveyed through one tube of the torch 
and flows out of an orifice under pressure just behind the flame. 

In addition to economy under certain conditions, flame hard* 
ening has other advantages. It does not scale or pit the surface, 



Fig. 36~-Cross-section of a crankshaft showing hardened (white) bearing 
surfaces, etched (Tran and Benninghoff). 


it has no effect on the chemical composition, it hardens only at 
ihe surface and to a depth of not more than in., and distortion 
is minimized. Its disadvantages are that it is more costly than 
the usual methods if large numbers of identical pieces are to be 
treated, and that high-carbon steels and very coarse-grained steels 
cannot be treated as they are likely to crack at the surface. Steels 
most suitable for flame hardening are carbon steels containing 
0.35 to 0.60 per cent carbon and low-alloy steels containing 0.25 
to 0.50 per cent carbon. Such articles as alloy-steel gears which 
have been heat treated so that they have optimum strength and 
toughness can be effectively hardened on the surface of the teeth 
by this method. 

Differential hardening by induction is a recently developed 
method for securing high hardness on a relatively small bearing 
surface and is especially applicable to heavy-duty crankshafts.^® 
The surface to be hardened is enclosed in a perforated induction 

The method is described in detail by M. A, Tran and W. £. Benninghoff 
in Trans, Am. Sac, Metals, v. 25, 1937, p. 935. 
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From the standpoint of engineering in general, and those fields 
of engineering which deal specifically with the design, erection 
and maintenance of Structures and machines, the last class, engi- 
neering properties, is of vital importance. These receive atten- 
tion in this and the next two chapters. For convenience, they 
may be divided into three classes: static mechanical properties, 
dynamic mechanical properties, and miscellaneous. 

It is not the purpose of this discussion to give complete details 
of the methods of making the various tests since engineers become 
familiar with these methods very early in their training. More- 
over, a large number of authoritative books on the subject are 
readily available. Much more important to the engineer than 
how a test is made is what the test means, how accurate it is, and 
how he can use the value which the metallurgist reports to him. 
The discussion in this and the next chapters is, therefore, con- 
cerned mainly with these points. It summarizes from the point 
of view of the metallurgist the advantages and the shortcomings 
of the various tests and their worth in evaluating materials for use 
in engineering structures and machines. 

65. The Relative Standardization of Static Tests— Static me- 
chanical properties, which are a measure of the resistance of a 
material to a steadily applied load, include tensile strength, com- 
pressive strength, torsional strength, bending strength, hardness, 
and their related properties such as yield strength, elongation, 
and others determined incidentally to the first-named. The de- 
termination of some of these properties has been given consider- 
able attention by testing societies in the principal metal-using 
countries with the result that methods and specimens are fairly 
well standardized. 

The most important and the two most common tests for the 
evaluation of the static properties of metallic materials are tensile 
and hardness tests. The former are well standardized throughout 
the world. If the tensile strength of a certain steel is reported as 
60 kg. per sq. mm. in Germany, it is certain that a standard speci- 
men of the same steel will have a strength of about 85,000 lb. per 
sq. in. in the United States and that either value represents accu- 
rately the stress necessary to break a half-inch specimen of that 
particular steel. The tensile strength of a steel of certain com- 
position, made by a particular process, and of otherwise satisfac- 
tory quality can be used in the design of a bridge in Japan, even if 
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the steel was made and the strength was determined in France. 
Because hardness tests are made rapidly and cheaply and because 
they do not destroy the material, they are used widely. That 
hardness is not a definite property but a combination of several 
properties makes the interpretation of some of the tests difficult. 
Hardness tests are not standardized although the measure of a 
specific kind of hardness, namely resistance to indentation, is in a 
fairly advanced state of development. 

Static tests used less frequently, and for which standardization 
has not proceeded so far, include compressive, torsion, and bend 
tests. None of these is used so universally as are tensile or hard- 
ness tests, although the transverse test, a form of bending, is the 
most widely used and is probably the most valuable single test 
for the evaluation of gray cast iron as an engineering material. 
With this one exception, none of these tests is standardized, and 
it is not always easy to interpret the values obtained or to apply 
them to the design of engineering structures. 

66. Tensile Strength— The commonly determined tensile prop- 
erties, including tensile strength, yield strength, proportional 
limit, elongation, and reduction of area, are obtained on a single 
test specimen (see Fig. 39). The accuracy and reproducibility 
of the results depend upon the dimensions of the specimen, the 
sensitivity of the machine, the alignment of the specimen in the 
machine, and above all on how accurately the specimen represents 
the whole section. Considerable attention has been paid to these 
factors by the testing societies and the builders of machines in all 
countries, with the result that reported values are about as accu- 
rate as for any engineering property. 

As is well known, the tensile strength is the maximum stress 
on a standard specimen (point C, Fig. 37^) which has been 
loaded to rupture, divided by the original cross-sectional area. 
It is reported in pounds per square inch, tons per square inch 
(England), or kilograms per square millimeter (continental Eu- 
rope). Specimens and other variables have been standardized by 
the American Society for Testing Materials ^ so that further dis- 
cussion is unnecessary. 

Considering the heterogeneous distribution of structural con- 
stituents in most ferrous alloys, the absolute accuracy of tensile 
properties as determined on a modern machine is higher than 
t Standards Part I, Metals, 1940, Spec. £8-4oT. 
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necessary. Values may be determined with an accuracy of ±:2o to 
±:ioo lb. per sq. in., but to report the tensile strength of a 500-lb. 
bar of 0.38 per cent carbon steel as 75,330 or even 75,350 lb. per 
sq. in. is like gilding the lily. Metallurgical literature, however, 
contains many such values showing that metallurgists are much 
like other people in hinting omniscience if they think they can 
get away with it. 

To report tensile-strength values to the nearest 100 lb. per 
sq. in. is postulating a relative accuracy which is rarely justified. 
In rolled carbon steels, 0.01 per cent carbon is equivalent to 600 
to 1200 lb. per sq. in. tensile or yield strength. The accuracy 
of the chemical analysis for carbon in a steel containing 0.38 per 
cent of this element is not much greater than zbo.oi per cent. 
Moreover almost any bar of steel varies 0.01 per cent or more in 
carbon from end to end or from surface to center. These varia- 
tions in carbon are accompanied by variations, possibly 1000 lb. 
per sq. in. or more, in tensile strength. If, therefore, a single 
specimen from the center of a long rolled bar has a determined 
tensile strength of 75,350 lb. per sq. in., the most that can be 
hoped for is that the average strength of the bar is between 75,000 
and 75,700 lb. per sq. in. Rounding the determined value to 
75,300 or even 75,500 lb. per sq. in. is sufficiently accurate. 

Owing to the inherent variations in structural constituents and 
in composition which may cause variations in tensile strength 
of as much as ±:i500 lb. per sq. in., there is a growing tendency 
to test full-sized structural members with large machines. This 
is especially valuable for structures which are riveted or welded. 

If a tensile test is made on a larger or a smaller specimen than 
is commonly used (0.5 in.), the tensile strength may be consider- 
ably higher or lower than that obtained on the standard bar. For 
ductile materials, which includes most rolled, forged, or heat- 
treated carbon and alloy steels, the error is not great; for a brittle 
material, such as cast iron, it may amount to as much as 20 to 30 
per cent. Three tensile specimens are used for cast iron, with 
diameters of 0.505, 0.8, and 1.25 in. Churchill* cited strength 
values for the same cast iron, as determined on these three speci- 
mens, as 52,500, 44,900, and 35,700 lb. per sq. in., respectively. 

2 Physical Testing of Metals. American Society for Metals, Cleveland, 1936, 
p. 20. 
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67. Elastic Limit, Proportional Limit, and Modulus of Elas- 
ticity— There is occasionally considerable confusion among engi- 
neers and steel men concerning the meaning of the terms elastic 
limit, proportional limit, yield point, and yield strength. The 
elastic limit is the maximum stress that a material withstands 
without permanent set. Although it is practically impossible to 
determine the elastic limit experimentally, it is possible with 
present-day extensomcters to detect a relatively slight variation 
from Hooke’s law,^ and by careful testing the point of this varia- 
tion can be fixed with considerable exactness on the stress-strain 
diagram (point P, Fig. SjA). The load which this point repre- 
sents, divided by the cross-sectional area, is the proportional 
limit. It is frequently determined in testing laboratories but is 
seldom used in the design of structures. In most annealed and 
heat-treated carbon and low-alloy steels, the proportional limit is 
practically identical with the elastic limit and, as Fig. shows, 
is slightly below the yield point. If the proportional limit of such 
steels is found to be much below the yield point, it is likely that 
internal stresses are present. The determination of proportional 
limit is frequently made to detect the presence of such stresses. 

A word of caution is necessary here. Some engineers and metal- 
lurgists, even today, use the term elastic limit erroneously to 
mean yield point or yield strength. The elastic limit (i.e., the 
proportional limit) is difficult to determine accurately, and its 
value varies with the sensitivity of the testing equipment used. 
It is, moreover, primarily of academic interest, but the yield point 
or yield strength is important to engineers as it fixes the limit 
above which a material cannot be stressed without appreciable 
permanent deformation, i.e., without impairing its usefulness. 

Modulus of elasticity in tension is the ratio of stress to strain 
within the elastic range. It is given by the slope of the stress- 
strain curve (see Fig. $yA) up to point P, For carbon and low- 
alloy steels of any composition and treatment, the value is ap- 
proximately 29,000,000 lb, per sq. in.; for aluminum alloys, the 
modulus in tension is about 10,000,000 lb. per sq. in.; for copper 

3 Hooke's law states that in elastic materials stress is proportional to strain. 
It is generally held that in metallic materials the application of stress, within 
the range where deformation is elastic, actually produces some plastic 
deformation. The amount, however, is so small that for all practical pur- 
poses, and especially for engineering design, Hooke’s law is valid. 
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and copper alloys, about 15,000,000 lb. per sq. in. Modulus of 
elasticity may be determined in compression as well as in tension; 
values are about the same for either method. Another important 
quantity is the shear modulus, or modulus of rigidity, which is 



Fig. 37— Stress-strain curves in tension for (A) annealed low-carbon steel and 
(B) cold-worked low-carbon steel. 

invariably smaller than the modulus of elasticity (Young's 
modulus). 

There are some metallic materials— gray cast iron and austenitic 
alloy steels are outstanding examples— which when tested in ten- 
sion have a stress-strain curve that is curved from the origin 
(Fig. 38). Such materials have no readily determinable propor- 
tional limit and yield point. Moreover, they have no true modu- 
lus of elasticity; reported moduli are arbitrary values that meas- 
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ure the relative stiffness under specified conditions of loading, 
usually with a stress equivalent to 25 per cent of the tensile 
strength. 

68. Yield Point and Yield Strength-Engineering structures 
and machines subject to static loads are designed on the assump* 
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Fig. 38— Stress-strain curves for two gray cast irons tested in tension (Bolton, 
Proc. Am. Soc. Test. Mat., v. 38, part II, 193a, p. 477). 

tion that the stresses that must be withstood will not cause 
appreciable plastic deformation (permanent set). As plastic 
deformation probably starts in a large number of independent 
locations, it is difficult to determine where it actually begins. 
Plastic deformation does not become measurable until a large 
part of the section has been affected, and even then very sensitive 
equipment is necessary to locate this point— the proportional 
limit. Fortunately, practical experience has shown that, at ordi- 
nary temperature, the limit of usefulness of a metallic material 
is that stress which produces a plastic deformation which is readily 
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detected. Higher stresses than this may cause considerable dam- 
age; with lower stresses the damage is negligible. This stress is 
the yield point. In ductile materials, it is indicated by a marked 
elongation of the specimen with no increase in load. It is readily 
detected with a pair of dividers or by the drop of the beam of 
the testing machine. The yield point is of considerable value to 
engineers in the design of structures, but it has the disadvantage 
that it is not well marked in hard materials, some of which have 
no true yield point. To overcome this disadvantage the Ameri- 
can Society for Testing Materials recommends the use of yield 
strength instead of yield point.* This is the maximum stress 
which produces a specified set, usually o.i or 0.2 per cent of the 
gage length. In hard materials, the point can be readily detei- 
mined from the stress-strain curve (point B, Fig. SjB); in soft 
materials, it corresponds closely to the yield point determined by 
drop-of-beam. The yield strength is an important and readily 
determinable value and should replace the yield point in all 
reports of tensile properties. 

The value for yield point is affected by the rate of strain, i.e., 
by the speed of the cross-head of the machine. Generally, how- 
ever, the error is not great for the speeds used in testing to deter- 
mine if a material is within specifications. For example, increas- 
ing the rate of strain tenfold, as from 0.2 to 2 per cent per min., 
increases the yield point only about 2000 lb. per sq. in. The 
American Society for Testing Materials specifies that the cross- 
head speed should not exceed % in. per min. (6 per cent) for a 
2-in. gage length, 

Very soft materials, especially annealed low-carbon sheet, fre- 
quently have two yield points: an upper point, at which there is 
a decrease in stress (A in Fig. $yA) marked by a sudden drop of 
the beam of the testing machine, and a lower yield point (B in 
Fig. 37^), where strain hardening begins and where additional 
stress is necessary to produce further strain. The difference be- 
tween the upper and the lower yield point is considered to be an 
indication of the deep-drawing capacity of annealed low-carbon 
sheet. This is discussed in section 91 . 

69. Elongation and Reduction of Area— In the United States, 
the standard round tensile test specimen has a diameter of 0.505 

* Standards Part I, Metals, 1939, Spec. E6-36. 
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in. (cross-sectional area 0.2 sq. in.) and a gage length of 2 in. 
(Fig- 39» top)- Elongation values determined on round speci- 
mens larger or smaller than the standard are directly comparable 
with the standard if it has a gage length equivalent to 

G 4.5 V’^ 

where G is the gage length and A the cross-sectional area in square 
inches. Unfortunately, since the standard tensile specimens used 
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Fig. 39— Standard round and flat tensile specimens (Am. Soc. Test. Mat., 
Standards, 1940, part I, Spec. E8'4oT), 
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in Great Britain, Germany, and France have a different relation 
between gage length and cross-sectional area from that expressed 
by the above formula, values obtained in those countries, while 
always reproducible where determined, cannot be compared 
directly with elongation values determined in the United States. 

For some products, especially for plate and thin sheet, speci- 
mens are used that may differ in size and shape from the standard 
(Fig. 39, bottom). Gage lengths for tensile specimens of such 
products vary from 2 to 10 in., depending upon the material and 
its size. As elongation is reported as a percentage of the original 
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length, the percentage elongation of a given material is the higher 
the shorter the gage, owing to the fact that most of the elongation 
takes place in the “necking-down’’ which occurs at the point of 
fracture. When tensile properties are determined on specimens 
which differ in dimensions from the standard, the gage length is 
always given. Even if a standard specimen is used, most metal- 
lurgists report the gage length (2 in.) so that there will be no 
misunderstanding. Reduction-of-area values are always reported 
as a percentage of the original area so that values for this prop- 
erty should be comparable. 

Elongation and reduction of area give a rough, but usually a 
fairly clear, idea of the ductility of the metal tested. Although 
engineers generally demand a relatively high elongation, metal- 
lurgists place more emphasis on reduction of area as a criterion of 
ductility and believe that the importance of elongation is usually 
overemphasized. It is doubtful if there are any applications for 
which an elongation of more than 8 or 10 per cent in 2 in. is 
needed. As an example of the exaggerated importance sometimes 
given to ductility, the crankshaft of the internal-combustion en- 
gine may be cited. For years crankshafts were made from highly 
alloyed steels which were carefully heat treated so that they would 
be as ductile as possible coincident with the high hardness re- 
quired. The cast-iron crankshaft now used successfully in some 
automotive engines shows practically no elongation in the tensile 
test and has very little resistance to single-blow impact. 

It is generally true that in carbon steels high strength values 
are accompanied by low values of elongation and reduction of 
area and vice versa. This general relation does not always hold 
for alloy steels. One of the principal reasons why alloy steels 
are used in place of carbon steels is that a better combination of 
yield strength and ductility—as shown by elongation and reduc- 
tion of area (and impact resistance)—] ustifies their higher cost 
for many applications. 

70. Hardness-Physicists do not recognize hardness as ordi- 
narily determined as a fundamental property of matter; t6 engi- 
neers it is a property of great importance. Everyone thinks he 
knows what hardness is, but no one has been able to define it 
satisfactorily. Probably as good a definition as any is that hard- 
ness is resistance to permanent deformation. Hardness is com- 
plex. First and most important, it is the resistance of a material 
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to indentation. It is also the resistance to cutting with a tool, 
which involves resistance to indentation plus tensile strength and 
toughness. It is also resistance to abrasion, which likewise in- 
volves indentation resistance, strength, and toughness. 

There are at least eight methods for the determination of hard- 
ness, of which two— Brinell and Rockwell— are the more fre 



Fig. 40— Brinell hardness lesiing machine (Tinius Olsen Testing Machine 

Company). 

quently used. The literature on hardness testing is extensive. 
Since standards for making Brinell and Rockwell tests have been 
set up by the American Society for Testing Materials,® the meth- 
ods for making these tests can be dismissed with a few words. 

^Standards Part I, Metals, 1936, E 10-27, £18*36, Also American Society 
for Metals, Metals Handbook, 1939 ed., pp. 112-116. 
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Thus a steel with a Rockwell C hardness of 64 can be differen- 
tiated from one which has a Rockwell hardness of 67 C. Obvi- 
ously too much depends upon the personal equation for the file 
test to be useful except in the hands of an experienced man. 

71. Comparison of the Various Hardness Tests—In making 
hardness tests by any method a number of precautions are neces- 
sary. In the first place, the specimen must be rigidly supported, 
and the load must be applied perpendicularly. In the second 
place, the surface tested must be fiat and relatively smooth, and 
any surface scale or decarburized area must be removed. In the 
third place, specimens must be thick enough so that the indenta- 
tion does not affect the metal which rests on the anvil. In gen- 
eral, hardness impressions on thin sections are not accurate unless 
the material has a thickness equivalent to 10 times the depth of 
the impression. 

All tests for hardness by indentation cause strain hardening to 
some degree. The Brinell test is as close to an ideal test as pos- 
sible as it distributes strain hardening over a relatively wide area, 
but it has the disadvantage that the amount of strain hardening 
may not be uniform and, further, that the method is too restricted 
in application. With a 500-kg. load, the Brinell test is quite satis- 
factory for aluminum alloys and for brass and bronze; with a 
3000-kg. load its use is restricted to steels with a tensile strength 
between 45,000 and 250,000 lb. per sq. in. When the test is used 
on steels that are harder than 600 Brinell (tensile strength greater 
than 300,000 lb. per sq. in.), there is apt to be some permanent 
deformation of the steel ball which causes all subsequent hard- 
ness determinations made with this ball to be inaccurate. 

The Rockwell machine is designed to overcome some of the 
limitations of the Brinell test. It is flexible and can be used for 
hard materials, it makes a small impression which is not likely 
to spoil the appearance of the piece, and it can be used to measure 
the hardness of relatively thin sections. For example, on steel of 
150,000 lb. per sq. in. tensile strength the minimum thickness 
which can be tested accurately by the Brinell method is 0.1540,; 
with the Rockwell diamond cone (C scale), it is 0.06 in. The 
Rockwell machine also has the advantage that hardness numbers 
are read directly from the scale; it is unnecessary to measure the 
width of an impression. The Rockwell machine is, therefore, 
widely used for routine testing. 
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The Vickers hardness test, which is rapidly becoming standard- 
ized, is the most flexible of all hardness tests and can be used 
without change of penetrator on materials of widely varying hard- 
ness by varying the load applied. The impression is small and, 
owing to its shape, can be measured very accurately. The Vickers 
test, ideal as a laboratory tool, at present is not so well adapted 
to routine testing as the Rockwell. 



72* Relation among Hardness Tests and between Hardness 
and Tensile Strength— All indentation hardness methods fail to 
measure the hardness of the undeformed metal. An exact mathe- 
matical correlation of the various hardness numbers is therefore 
impossible as the amount of strain hardening varies from test 
to test and, furthermore, varies from metal to metal. A large 
amount of time and efiEort has been expended in studying the 
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relation among the hardness numbers as obtained by the Brinell, 
Rockwell, Vickers, and scleroscope machines. One of these cor- 
relations for carbon and low-alloy steels is shown in Fig. 42.® A 
word of caution is necessary regarding such a correlation. Brinell 
values may be converted to Rockwell C values or vice versa with 
an expected error of not more than 10 per cent except for hard- 
ness numbers over 500 Brinell where the uncertainty becomes 
greater. The error in converting Brinell or Rockwell to sclero- 
scope may be considerably greater than 10 per cent. The most 
recent conversion table and probably the most accurate for car- 
bon and low-alloy steels was compiled by H. Scott and T. H. 
Gray/ a portion of which is reproduced in Table 4. 

Table 4, Hardness Conversion Chart for Carbon and 
Low-alloy Steels 


Vickers 

hardness 

number, 

50-kg. 

load 

Rockwell hardness, 
diamond cone 

Sclero- 

scope 

hardness 

Brinell, lo-mm ball, 
3000-kg. load 

Approximate 
tensile 
strength, 
lb. per sq. in. 

C scale, 
150-kg. 
load 

A scale, 
60-kg. 
load 

Diameter, 

mm. 

Hardness 

number 

210 

16.7 

57.6 

33-5 

.17 

210 

102,000 

240 

21.7 

60.7 

37 9 

3 91 

240 

1 13,000 

270 

26.2 

63.2 

41-5 

3.70 

269 

127,000 

300 

30.0 

653 

45-2 

3-53 

297 

140,000 

330 

33 6 

67.1 

48.8 

3 38 

324 

154,000 

360 

36 9 

68.7 

51 -9 

3.26 

349 

168,000 

390 

39 9 

70.3 

54-9 

3 H 

377 

183,000 

420 1 

42,6 

71.8 

57-6 

305 

401 

200,000 

450 

45 0 . 

73 2 

60.3 

2.96 

426 

214,000 

480 

47-1 

74-4 

62.8 

2.89 

449 

228,000 

510 

49.2 

75-5 

65.4 

2.81 

473 

244,000 

540 

51 I 

76.4 

68.0 

2-75 

495 

260,000 

570 

52.9 

77.3 

70.5 

2.69 

517 

275,000 

600 

54.7 

78.2 

72.9 

2.65 

534 

290,000 

630 

56.2 

79.1 

75-3 

2 .6 i 

552 

305,000 

660 

57-7 

79.9 

77.6 

2-57 

570 


690 

59-2 

80.8 

79.8 

; 2.53 

585 


720 

60.7 

81,6 

82 0 




750 

62.0 

82.4 

843 





The resistance to indentation is directly related to compressive 
strength. For most carbon and low-alloy steels there is a fairly 


« H. J. French and J. W. Sands (editors). Nickel Alloy Steels, The Inter- 
national Nickel Co., Inc., New York, 1934. 

T Trans. Am. Soc. Metals, v. 27, 1939, p. 363. 
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Close relation between compressive strength and tensile strength; 
hence, indentation hardness values for such steels can be con- 
verted into tensile strength with reasonable accuracy. Results 
of a large number of investigations on this relation indicate that 
the ratio of tensile strength (in units of looo lb. per sq. in.) to 
Brinell hardness number varies from 0.45 to 0.58. The ratio ob- 
tained most frequently is 0.47 to 0.50. Thus, if the Brinell hard- 
ness number is given, tensile strength can be calculated by multi- 
plying the hardness number by 480; the result should be accurate 
within ±15000 lb. per sq. in. The relation between the various 
hardness numbers and the tensile strength is shown in Fig. 42 and 
in Table 4. Although this relation is fairly accurate, there may 
be considerable variation in individual specimens. The actual 
ratio depends upon structure and heat treatment, with composi- 
tion a possible complicating factor, and, although in most cases 
the conversion may be made with an error of ±5000 lb. per sq. in., 
errors as great as ±12,000 lb. per sq, in. may be encountered. 

If the proper precautions are observed, indentation hardness 
tests are accurate and readily reproducible, and if judgment is 
used, they give a reasonable approximation of the tensile strength 
and a rough idea of machinability and wear resistance. Theii 
greatest value lies in their speed and cheapness, which make them 
ideal for checking uniformity of heat treatment and as an accept- 
ance test for hardened steels, especially tools and dies. 

73. Shear, Compression, and Bend Tests— The determination 
of the resistance of a material to failure by shear or torsion is 
important for many engineering applications, especially for shafts 
subjected to twisting, for rivets holding two plates together, for 
keys in shafts, and many others. Neither specimens for such tests 
nor the methods of making the tests are standardized. Stress- 
strain diagrams may be plotted from a torsion test, from which 
the maximum torque (torsional or shearing strength), yield point 
or proportional limit, and the modulus of elasticity in shear 
(modulus of rigidity) may be determined. There is no accurate 
relation between torsional strength and tensile strength, but for 
carbon steels, the torsional strength is generally about 75 per cent 
of the tensile strength. 

Compressive strength can be determined accurately on brittle 
materials which fracture; on ductile materials, which flatten with- 
out fracturing, it can be determined only when a limiting amount 
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of deformation is specified. Compressive strength is a common 
test for cast iron, as this metal is frequently used in compression, 
but is rarely made on steel. The compressive strength of cast iron 
is 3 to 4 times its tensile strength. 

Bend tests are becoming increasingly valuable for some of the 
new low-alloy steels. These steels are used in structures primarily 
to save weight, and the bend test is useful to determine the rela- 
tive stability of these materials under load. When ductile mate- 
rials are tested, the specimen does not fracture when bent; hence, 
the test can also be used to detect deep-seated flaws and other 
internal defects, or to discover brittle areas in and around a weld. 
A variety of the bend test— the transverse test— is a useful measure 
of the quality of cast iron and has been used so widely for this 
purpose that virtual standardization has been effected. 

Transverse tests of cast iron are made on standardized bars. As 
discussed in Chapter 12, the results are reported as the load neces- 
sary to fracture a specimen of definite diameter held on supports 
a specified distance apart. In the United States this is usually 
reported as transverse strength in pounds; abroad, and to some 
extent in the United States, it is reported as modulus of rupture 
in pounds per square inch. The test is usually made on a cast 
bar without machining; removing the surface layers of the bar 
may cause a slight change in values. The deflection in inches 
(i.e., how much the bar bends before breaking) is also reported. 
The transverse test gives an indication of toughness, flexibility, 
surface condition, and even machinability and is the most valu- 
able single test for cast iron. 



Chapter g 


THE SIGNIFICANCE OF THE DYNAMIC 
PROPERTIES OF METALLIC 
MATERIALS 


X HE design of engineering structures and machines that are 
subject to static loads is based upon tensile strength and yield 
strength with an ample factor of safety. Few failures of such 
structures and machines occur unless they are subjected to an 
accidental overload of considerable magnitude. This, however, is 
not the case with moving parts of machines which fail so fre- 
quently that it has been estimated that 95 per cent of all metal 
failures are caused by dynamic loads. For this reason, metal- 
lurgists and engineers are now paying more attention than ever 
before to the resistance of ferrous and non-ferrous materials to 
dynamic stresses and to methods of determining the dynamic 
properties. This is evidenced by the increasing number of tech- 
nical committees working on the problem and by the number of 
papers dealing with these properties presented in the last few 
years to metallurgical, testing, and engineering societies. 

The principal dynamic properties— impact resistance, endur- 
ance (fatigue) limit, and damping capacity— measure the ability 
of the material to withstand suddenly applied or pulsating loads. 
Endurance limit has been the subject of much study and might 
even be called a standardized property. Impact resistance and 
damping capacity are not standardized, hence the values obtained 
by impact and damping tests may mean very little unless the 
method and the specimen used are known. Such tests are more 
valuable as a method for comparing various materials, or various 
grades or classes of the same material, than as a means to obtain 
values which can be used in design. 

The increased brittleness of many metals and most alloys when 
notched has been well known ever since some ancient but smart 
blacksmith discovered that the easiest way to break a metal bar 
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was to nick and bend it. Fatigue is much younger; credit for 
discovering that metals and alloys fail under repeated stresses 
which are much lower than when the stress is slowly applied is 
due to Wohler whose pioneer investigations were inade in Ger- 
many nearly loo years ago. 

Interest in damping is relatively new. Although the acoustic 
properties ^ of steel were investigated 30 years ago, little attention 
was paid to the work. The realization that damping capacity is 



(d) '' (e) (f) 

Fig. 43 “Stress raisers {a, b, c) occurring in normal design of machines and 
structures and {d, e, f) as “imposed” by machining (Moore). 

an important property of ferrous and non-ferrous alloys is due to 
the work of Foppl at the Wohler Institute in Germany, between 
1920 and 1925. Many a crankshaft in an airplane engine failed 
mysteriously before it was realized some 10 or 15 years ago that 
certain heat-treated alloy steels of otherwise excellent properties 
had little capacity to damp out vibration, and that in some en- 
gines these vibrations would build up to such a magnitude that 

1 The duration of sound from a vibrating body corresponds to that por- 
tion of the damping curve in which the vibrations arc audible. 
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failure was accelerated. A few automotive engine builders have 
discovered recently that some grades of cast iron with high damp- 
ing capacity make very good crankshafts, notwithstanding the. 
low strength and impact resistance when compared with heat 

NotS BrUtieness and Notch Sensitivity- It seems almost 
that a notch in a material sets up such a 



highly localized concentration of stress at the root of the notch 
(fIr 43)^ that the material fails by impact, fatigue or bending 
Ser loads much lower than would be necessary to h acture it f 
it were unnotched. This fundamental bit of knowledge s 

engineer; perhaps it is, but that u . t 

used is clear from the large number of failures that all me 

2 H. F. Moore. Tram. Am. Inst. Min. Met. Eng., v, i2o, 1936, pp. 31. 32 - 
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lurgists encounter, which have started at a sharp corner, usually 
the base of a spline or tooth, in a keyway, or in a sharp fillet as 
shown in Fig, 44. 

Steels differ widely in their toughness when notched: a steel 
which is normally ductile in tension may be brittle when notched 
and subjected to impact; another steel with exactly the same ten- 
sile properties may be so tough when notched that it breaks with 
difficulty or even bends without breaking under the same condi- 
tions. This property is known as notch sensitivity and is a char- 
acteristic of most steels and a few non-ferrous alloys. 

The notch sensitivity of metallic material is unpredictable 
and has never been explained. The best hypothesis to date was 
put forward in Germany by Ludwik about 10 years ago and was 
amplified later by Kuntze.^ The latter made tensile tests on a 
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45— Kuntze’s method of determining “technical cohesive strength" 
(Piwowarsky, Allgerneine Metallkunde, Berlin, 1934)* 


series of steel specimens with constant diameter but with a central 
notch machined to different depths. As the notch becomes deeper, 
plastic deformation above the yield point becomes more and more 
restricted, and the tensile strength calculated on the minimum 
section increases. By extrapolating to zero cross-section (Fig. 45), 
a value is obtained which Kuntze called “technical cohesive 
strength** (Trennfestigkeit). He thinks that this is a fundamental 
property of metals and that there is a direct relation between the 

8 The work of these two investigators has been discussed recently by 
McAdam and Clyne and by Hoyt in “Symposium on Impact Testing/' 
Proc. Am, Soc, Test. Mat., v. 38, part II, 1938. 
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cohesive strength and ordinary tensile strength which explains 
notch sensitivity. This is an important and almost virgin field in 
the engineering properties of ferrous materials which should be of 
increasing interest to both metallurgist and engineer. Hoyt^ 
stated that: 

If one knew the two controlling properties, cohesive strength 
and resistance to deformation, and if he thoroughly understood 
the laws of the notch effect he would be able to predict by calcu- 
lation whether a given steel would deform when notched or 
would open up a crack. 

75. Value of the Notched-bar Impact Test— It is evident from 
the foregoing discussion that the chief value of the notched-bar 
impact test is in classifying materials by their notch sensitivity. 
It is rapid and cheap and gives information which no other test 
gives at present, provided common sense is used in its evaluation. 
In the present state of development of impact testing it has a num- 
ber of disadvantages: (i) it is not standardized; (2) full-sized 
structures cannot be tested as no machines are available; (3) as it 
is a very sensitive test, specimens must be made accurately and 
the size and shape of the notch must be controlled carefully; 
and (4) values obtained with one specimen and one type of notch 
cannot be compared with those obtained on different specimens 
or with different notches. It sometimes happens that a series oi 
steels placed in one order of merit by one type of specimen will be 
placed in different order if a different specimen is used. It also 
has the disadvantage that it is not a reliable test for such inher- 
ently brittle materials as aluminum alloys, cast iron, hardened 
tool steels, and the like, even if unnotched specimens are used.*"' 

Despite these disadvantages, the metallurgist has found the 
notched-bar impact test to be a valuable tool. He uses it pri- 
marily as an “exclusion test” to detect steels of high notch sensi- 
tivity, thus avoiding the cost of fabricating such materials. It is 
also used to show up variations in heat treatment, brittleness 
caused by aging, marked differences in grain size, temper brittle- 
ness in alloy steels which are susceptible to this defect, cold work- 
ing, or the presence of internal cracks, segregates, or inclusions, 

4 See footnote 3. 

s American ^iety for Testing Materials, Report of Sulycommittee XV on 
Impact Testing, Proc. Am. Soc, Test. Mat., v. 35, part I, 1933. |>p. ^7-137. 
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if these are strategically located where they will act as an internal 
notch. 

In industry the notched-bar impact test is used by manufac- 
turers of ordnance, aircraft, and automobiles, who have found, 
as the result of experience, that steel which has a high impact 
resistance as determined in the laboratory gives satisfactory service 
in applications where shock loads are likely to be encountered. 
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Fig. 46— Impact specimens (American Society for Testing Materials). 


Of the several impact machines the Charpy and the Izod are 
the most commonly used in the United States. They usually have 
a capacity of 120 ft-lb. and break specimens 10 X 10 mm. square 
with notAes shown in Fig, 46.® The falling tup of the machine 
breaks the specimen at the notch and swings on. From the dis- 
tance it swings the energy absorbed by the specimen can be cal- 
culated. Values are nearly always reported in foot pounds of 
energy absorbed. As specimens must be machined accurately for 

• American Society for Testing Materials, Tentative Standards, 1958, 
E*S-S4T. 
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reliable results, it is unnecessary to convert the impact resistance 
to terms of unit cross-section. 

76. The Mechanism of Fatigue-Ever since man has used metal 
for moving parts, he has noticed that after a period of satisfactory 
service sudi a part would sometimes fail even though the stresses 
were relatively low. Usually the failure would be sudden: an 
axle which had been forged from steel of excellent ductility 
would snap off short as if it were brittle. Examination of the 
fracture would show a dull area usually surrounding an oval- 
shaped area of bright crystals (Fig; 



Fig, 47— Fracture of fatigue specimens with undistorted area {A) in center 
(Moore) and (B) at side (Johnson). 


Such a fracture was naturally considered to be prima facie 
evidence that repeated twisting, bending, or vibration had caused 
part of the normal “fibrous'' structure of the metal to “crystal- 
lize." This was a simple explanation, so simple that it became 
so firmly ingrained in the mind of everyone using metals that 
garage mechanics to this day~and some engineers as well— explain 
a fatigue failure by saying “the metal crystallized." Nearly 50 
years ago, it was shown by Ewing, Rosenhain, and Humphrey in 
England that, except for a splitting of the grains in the “crystal- 
lized" area, there is no change in the structure of steel when it 
fails by fatigue. The work of these investigators has been con- 

f H. F. Moore, Manual of Endurance of Metals under Repeated Stresses, The 
Engineering Foundation, New York, 19*7, 63 pp. 
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firmed repeatedly, and the mechanism of fatigue failure is now 
thoroughly understood. 

Under repeated stress the metal yields at one or more local 
areas of weakness. Slip breaks the atomic bonds, resulting in sub- 
microscopic cracks at the end of which there are frequently high 
concentrations of stress. As the working stress on the piece is 
repeated, the cracks spread, usually inward from the surface or 
from near the surface of the section. After a time there is so little 
sound metal left that the normal stress on the piece is higher than 
the strength of the remaining- material, and it snaps. 

The appearance of a typical fatigue failure is thus easily ex- 
plained. As failure proceeds, the severed surfaces rub and batter 
each other crushing the grains and producing the dull appear- 
ance; the remaining unfractured portion preserves the normal 
grain structure up to the moment of failure. Although Fig. 47.^ 
shows a typical fatigue break, the undistorted portion is not al- 
ways in the center. If the reversed stresses are not of equal inten- 
sity, the bright area may be located considerably off-center or 
even close to one surface (Fig. 47B).* 

77. The Endurance Limit-Fatigue is an unfortunate word to 
describe this type of failure, but it has become so firmly entrenched 
in metallurgical and engineering terminology that it can hardly 
be dislodged now. Metals do not get tired and do not recover 
when rested; hence, endurance is a better term, especially for the 
value frequently reported as fatigue limit. 

The endurance limit of a metal or an alloy is the stress below 
which the material will not fail if subjected to an infinitely large 
number of cycles of stress. It is determined in a number of ways, 
the most common of which is by alternate flexure, usually known 
as the rotating-beam method. A polished specimen of suitable 
size, which is rotating rapidly in a specially designed machine 
(Fig. 48),^ is subjected to alternate tensile and compressive 
stresses, which are at the maximum at the surface and zero at the 
center of the bar. 

A number of identical specimens are prepared (6 to 16 for 
steel, many more for non-ferrous alloys) from a single material. 
The first is run at a stress which is considerably higher than the 
expected endurance limit, and the number of cycles causing fail- 

8 Courtesy of J. B. Johnson, Wright Field. 

8 Courtesy of J. B. Johnson, Wright Field. 
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ure is noted. The stress is reduced for the next specimen; this is 
continued until, for steel, there is no failure after lo? cycles of 
stress. The stress (S) for each number of cycles (N) is plotted; 



Fig. 48'-R. R. Moore high-speed machine for endurance testing (Johnson). 


the result is the familiar S-AT diagram (Fig. 49). The value for S, 
in pounds per square inch, which the horizontal portion of the 
curve represents is the endurance (fatigue) limit. 



Cycles 

Fig* 49— Typical S-N curves for carbon steels (Moore and Kommers, Univ. 
of Illinois, Exp. Sta., Bull. 124, 1921). 

Nearly all metals and alloys have a definite endurance limit 
which is probably a basic property of the material. For most 
steels this can be determined by running the test for 5 or 10 mil- 
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79. The Effect of Notches on Endurance Limit— Two factors 
have a great effect on the endurance limit: notches and under- or 
overstressing. The endurance limit of a carefully polished speci- 
men may be reduced as much as 50 per cent by a notch. The 
effect varies with the kind of notch, its location, and the notch 
sensitivity of the material. In a ductile material the effect of 
the notch cannot be estimated: only if the notch is very sharp 
is the endurance limit lowered as much as mathematical theory 
would indicate. This is probably associated with a property 
called “crackless plasticity” by Moore and defined as the ability 
to resist occasional overstress. 

In most ferrous materials all kinds of notches reduce the en- 
durance limit. These vary from rough surfaces and tool marks, 
holes of various kinds, internal defects such as inclusions and gas 
cavities which may act as local stress raisers, and internal stresses 
produced by violent quenching, to sharp corners and surface 
corrosion. One of the most effective means of lowering the en- 
durance limit (discussed in the next section) is by corroding the 
surface, especially while the part is under stress and in motion. 
The effect of a number of different surface conditions is shown 
by Fig. 51, 

As a general rule the damaging effect of a notch in carbon and 
alloy steels and in some non-ferrous alloys increases with its sharp- 
ness, i.e., with increase in the ratio of its depth to the radius of 
its root. Usually a notch becomes harmful if this ratio exceeds 
28 or 30. When shallow notches are present, hard steels with their 
relatively high endurance limits are superior to low-strength steels. 
If the notch causes a severe concentration of stress, a soft steel 
with low notch sensitivity is superior to a high-strength, high- 
endurance steel with high notch sensitivity. Gray cast iron, al- 
though inherently brittle, is relatively insensitive to notches. 

Notches, unless they are very sharp, have little effect on the 
endurance limit of steels with a tensile strength of less than 
60,000 or 70,000 lb. per sq. in. When the exigencies of design 
make it necessary to use a square or V-notch or to omit a fillet 
at a change of section, and when endurance limit is important, 
there is no advantage in using a high-strength steel as its endur- 
ance limit usually does not exceed 30,000 to 40,000 lb. per sq. in. 

la H. F. Moore, “Crackless Plasticity-*A New Property of Metals,'* The Iron 
Age, V. 1*8, 1931, pp. 674-677, 721. 
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even with tensile strength values of 150,000 to 250,000 lb. per 
sq. in. Another important fact for the engineer to remember 
is that a decarburized surface, while not acting as a notch, lowers 
the endurance limit of the whole section to that of a steel whose 
carbon content is represented by the surface layer. 

Tensile strength, thousand lb. per sg. in. 


60 80 100 120 140 160 180 200 



Tensile strength, kg. per sg. mm. 

Fig. 51— Relation between endurance limit and tensile strength for carbon 
and low-alloy steel specimens having the following surfaces: (a) polished, 
(6) ground, (c) roughened, (d) circumferential V-notch, (e) rolling skin, 
(/) corroded in tap water, and (g) corroded in salt water .(2. Ver, deutsch. 

Ing., V. 77, 1933). 

Chafing or fretting the polished surface of steel or non-ferrous 
alloys, which sometimes occurs in bearings or in other moving 
parts that fit tightly and are subject to vibration, reduces the 
endurance limit. Sachs, who studied this,^® found that chafing 

IS G. Sachs, The Iron Age, v. 146, 1940, Sept, is, p. 3S. 



150 MODERN METALLURGY FOR ENGINEERS 

produces a notch e£Eect which reduces the endurance limit of cast 
steel as much as 25 per cent, of rolled or forged steel as much as 
50 per cent, and of non-ferrous alloys 30 to 60 per cent. 

80. Corrosion Fatigue— It has long been known that if a pol- 
ished metal specimen becomes corroded before testing, the endur- 
ance limit is lowered. This is caused primarily by reduction in 
cross-section, as the roughened surface or the corrosion pits are 
generally of such character that they are seldom responsible for 
stress concentration. 

About 15 years ago D. J. McAdam, Jr., working at the Naval 
Research Laboratory, Annapolis, discovered that if a polished 
specimen was corroded simultaneously with the application of 
repeated stress, a different and very disturbing phenomenon oc- 
curred. This discovery aroused widespread interest and led to 
much investigation in the United States and abroad.^* Tt was 
found that, except for special ferrous and non-ferrous corrosion- 
resistant alloys, all metals, regardless of their composition, heat 
treatment, or original static or dynamic properties, fail under 
a low stress when subjected to corrosion while testing. In general, 
carbon and low-alloy steels fail under a stress of 20,000 ±: 5,000 
lb. per sq. in. when subjected to simultaneous reversed stress and 
corrosion; but a number of workers in the field believe that these 
materials have no true corrosion-fatigue limit; that if they are 
run long enough (100,000,000 cycles or more), they will fail at 
stresses as low as 5000 lb. per sq. in. The corrosion-fatigue limit 
of most non-ferrous alloys is likewise only a small fraction of their 
endurance limit in air. 

For high resistance to corrosion fatigue a material must have 
an oxide skin which is tightly adherent and at the same time 
flexible enough to withstand repeated stressing without breaking. 
Of ferrous alloys only the high-chromium stainless steels normally 
have such a skin. Corrosion of carbon and low-alloy steels results 
in corrosion products which, being brittle, fracture readily, 
thus exposing the underlying surface to further attack. Since 
all ferrous materials, except some highly alloyed steefs, are re- 
duced by simultaneous corrosion and repeated stressing to a 

McAdam has published 15 papers on the subject. Gough in England has 
also worked on the problem. See Sisco, The Alloys of Iron and Carbon, 
Vol. II, Properties, McGraw-Hill Book Company, Inc., New York, 1937, 
pp. 420-422. 
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common low level o£ resistance, there are only two things to be 
done in such applications: use a stainless steel or protect the 
surface by plating with some metal that will form a continuous 
uniform corrosion-resistant coating. According to our present 
knowledge, electroplated zinc or cadmium coatings are best. 

81. The Effect of Over- and Understressing on Endurance 
Limit— A peculiar and important phenomenon is the effect of 
understressing. If a specimen of steel is subjected for a few 
million cycles to a stress slightly lower than the endurance limit, 
the material becomes stronger. This strengthening is expressed 
by an increase in tensile strength and endurance limit and is 
much like the strengthening that occurs on cold working with 
the notable difference that the size is not changed. After such 
treatment, the material withstands many millions of cycles of 
stresses at loads which would cause early failure if it had not been 
so improved. Increases of the endurance limit up to 30 per cent 
have been reported. 

If a highly polished specimen is stressed above the endurance 
limit, even for as short a period as a few thousand cycles, damage 
may result and, if so, the specimen will fail at stresses much below 
the endurance limit. Such damage by overstressing, which may 
occur in a few seconds or a few minutes in service, is important to 
the engineer who must know the actual stress rather than the 
design stress and must be sure that it is not high enough to 
damage the material. The presence of such stress raisers as holes, 
scant fillets, notches or grooves, screw threads and tool marks (see 
Fig. 43) should be considered from the point of view of whether 
they will raise the actual stress to the extent necessary for damage 
to occur, or whether the material will have enough crackless plas- 
ticity so that occasional overstress will do no harm. 

It is likely that 75 or 80 per cent of all fatigue failures are 
caused by the presence of an actual stress so much higher than the 
design stress that it causes damage and thus reduces the endurance 
limit. 

82. Significance of the Endurance Limit— Endurance limits 
obtained under controlled laboratory conditions on polished 
specimens carefully designed so that tensile and compressive 
stresses are equal are valuable in the design of machines and 
structures subject to repeated stresses, but they should be so used 
only with full realization of their significance. Such endurance 
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data give information of one kind only; conditions in service are 
rarely so simple that these data can be used without considering 
other factors. 

In service, tensile and compressive stresses may not be equal. 
If, for example, a moving part is stressed 40,000 lb. per sq. in. in 
tension and 30,000 lb. per sq. in. in compression, or if torsional 
and other stresses are present, the effect of such unbalanced 
stresses on the endurance limit is not known and cannot even 
be guessed. 

Another important factor is surface condition. Since rotating 
parts in service are rarely as highly polished as are laboratory 
fatigue specimens, full consideration should be given to the 
character of the surface, including the possibility of corrosion, 
and to how much a roughened surface may reduce the endurance 
limit. This in turn is related directly to the notch sensitivity of 
the material. It is generally preferable to use a tougher steel with 
low notch sensitivity and with a lower endurance limit than to 
use a high-tensile, high-endurance material in which a minute 
surface imperfection may be readily propagated into a crack. 
Thus, wrought iron, which is soft and tough, and which has rela- 
tively low notch sensitivity, is very satisfactory for staybolts in 
boilers. Another factor to be considered is the presence of 
notches and irregularities which may cause a momentary over- 
stressing, resulting in damage and a lowering of the endurance 
limit. Still another factor is the possibility of occasional abuse 
by shock or otherwise. 

Endurance data as now determined give little or no informa- 
tion on these possible complicating factors. It is, therefore, just 
as necessary to use a factor of safety with endurance data as with 
tensile and yield strengths. Above all it must be remembered that 
in the design of machines and structures subjected to rapidly 
repeated stresses the endurance limit is only part of the story; 
with it should be considered a number of other properties, espe- 
cially impact and damping capacity, and such important, compli- 
cating factors as surface condition, unbalanced stresses, external 
or internal stress raisers, notch sensitivity, and a number of other 
variables which are usually included under the general term 
quality of the materiaL 

83. Damping Capacity— If a metal or an alloy bar is supported 
at one end and if the free end is struck with a hammer, the bar 
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will vibrate for varying lengths of time depending upon the com- 
position, the stress imposed, and other factors, but at a uniformly 
decreasing rate owing to the internal friction of the material 
which dissipates the energy as heat and sound. ’I'he amount of 
internal friction and dissipation of energy per unit volume of the 
material for one cycle of stress is the dajnping capacity and can 
be determined by cyclic bending tests or by alternate torsion tests. 
It may be reported as inch-pound per cubic inch, or as centimeter- 
kilogram per cubic centimeter, per cycle. The usual measure of 
damping capacity is the area of the stress-strain hysteresis loop; 
the ratio of this value to the work of deformation is the damping 
ratio. This increases with the capacity of the material to damp 
out vibration and is usually reported in percentage and plotted 
against the maximum fiber stress. 

Von Heydekampf,^® one of the pioneers in investigating damp- 
ing capacity, stated that it is independent of the method of deter- 
mination and the size of the specimen. There is apparently no 
direct relation between damping and any other mechanical prop- 
erty. In most cases the ability of a steel to damp out vibration 
decreases as the tensile strength increases. It is shown elsewhere 
that of ferrous materials the strong alloy steels usually have the 
lowest, and cast iron and low-carbon steels the highest damping 
capacity. There are, however, many exceptions to this generality 
as steels of the same composition and tensile strength may have 
very different capacities to damp out vibration. The non-ferrous 
alloys are a law unto themselves; many of them, however, includ- 
ing aluminum alloys and most brasses and bronzes, have as low 
a damping capacity as the alloy steels. 

Damping capacity may be measured in a variety of ways. The 
most common is by the Foppl-Pertz machine developed at the 
Wohler Institute where most of the work on damping has been 
done. This machine measures the free vibration damped only 
by the internal friction. Typical curves for cast iron, carbon steel, 
and duralumin are shown in Fig. 52 from a paper by Pohl.^® It 
was thought formerly that endurance limit could be predicted 
from damping capacity. According to von Heydekampf, this 

15 G. S. von Heydekampf, “Damping Capacity of Materials," Proc. Am, Soc, 
Test, Mat., v. 31, part II, 1931, pp. 157-175. 

15 W. M. Pohl, ^‘Vibrations of Structure and Materials," Product Engineer^ 
ing, V. 4, 1933. pp. 91-94. 
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cannot be done. There is. however, much evidence that damninp 

nnf I f ampng capacity and is relatively insensitive to 

Tanf -T' a high notch sensitivity! has a very low 

capacity to damp vibrations. ^ 

The damping capacity of a material is an important critorinn 
or us usefulness in many applications. For example, in crank- 
shafts in intemal-combustion engines resonant impulses mav 
occur frequently. If a steel with high damping capacity is mtl 
the energy of these impulses is dissipated quickly by interna] frt 
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Fig. 5S-Dampi„g curves tor cast iron carbon steel, and an aluminum 

alloy (Pohl). 


tion. If the crankshaft has low damping capacity “hiirh re«v 
nance .nea,^ exceeding die fadgne raige^wilf ^’<„e Seh^ 

elf prevent resonance failure. It is, however, advisable in such 
apphcauons as the crankshaft to use a high-dampinnaterialt 
h Another example of engineering interest 

luLSl i ^ high-tension wires and cables. Copper has a 
higher damping capacity than aluminum alloys. Desphe the fact 

”/./ronSt«//mL.v. 134. .936, p. 39SF. 


SIGNIFICANCE OF DYNAMIC PROPERTIES 1 55 

that the light alloys possess higher tensile strength and endurance 
limit than copper, they fail prematurely by fatigue while copper 
does not, owing to the inability of the light-metal wire to damp 
out the resonant vibrations caused by the wind. Foppl also states 
that the life of airplane propellers, which often vibrate violently 
at critical speeds, depends more upon the damping capacity of 
the material than upon its endurance limit. 



Chapter lo 


MACHINABILITY, WEAR RESISTANCE AND 
DEEP-DRAWING PROPERTIES 

TT HE properties discussed in this chapter have been responsible 
lor many metallurgical and engineering headaches. The cause 
of these headaches is not hard to find; the cure, however, is more 
difficult. All these properties are important in one or more fields 
of engineering, and the engineer has much justification for requir- 
ing definite, if not complete, information about them when he 
considers a ferrous or non-ferrous alloy for a particular job. The 
metallurgist, however, encounters considerable difficulty in sup- 
plying such information. 

Ten or fifteen years ago a metallurgist was much embarrassed 
if an engineer inquired concerning the expected service of a fer- 
rous or non-ferrous alloy when exposed to high temperatures 
and high stresses, or to repeated stress, or to wear, or to cor- 
rosion, or corrosion and repeated stress. The metallugist*s 
face is still red when he is asked such a question, but the 
deep crimson of ten years ago has faded to a delicate pink 
more becoming to one who, where metal is concerned, is sup- 
posed to know all the answers. Resistance to repeated stress 
is no longer a major bugbear, and we have learned much 
about corrosion, corrosion endurance (corrosion fatigue), and 
high-temperature strength. But some of the other properties 
are almost as much of a puzzle now as they were ten years ago. 

There are several reasons for this. In the first place, many of 
these properties cannot be measured quantitatively. Unlike ten- 
sile strength and endurance limit, which are specific basic prop- 
erties, wear resistance, machinability, and deep-drawing capacity 
are each the weighted average of a group of separate properties; 
hence, unless the various components affecting the average are 
known and are accurately appraised, the property itself cannot 
be evaluated precisely. With our present state of knowledge this 
is difficult. In the second place, the problem of evaluating these 
tomplex properties has been made more difficult of solution 

156 
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because until recently metallurgists—and many engineers as well 
—insisted that they are basic properties which can be determined 
readily by a suitable laboratory test, and failed to realize that 
such terms as machinability, wear resistance, and deep-drawing 
capacity are meaningless unless they are coupled with a descrip- 
tion of the environment. It is impossible, for example, for the 
metallurgist to supply a material that resists wear unless the engi- 
neer gives full details about the service for which the material is 
intended, and, on the other hand, it is certainly misleading if the 
metallurgist tells the engineer that a certain steel machines readily 
because it was superior to other steels in laboratory tests. Simi- 
larly, the metallurgist should not recommend a material for tail 
skids on airplanes just because it showed high wear resistance 
in the Amsler machine. 

There is a third reason why relatively little is known about 
tliese properties. Fortunately, machining, wearing, and deep 
drawing are operations which go on before our eyes— or ears— 
hence, sudden failures rarely occur. Metallurgists have, there- 
fore, not given so much time and thought to these properties as 
they have to corrosion and to deformation at elevated tempera- 
tures, which are frequently so well hidden that a disastrous failure 
may occur before it is realized that anything is wrong. 

It is the object of the discussion in this chapter to outline what 
is known about the components entering into machinability, 
wear resistance, and deep drawing and to describe in considerable 
detail the effect of the environment so that no misapprehension 
will exist when the engineer considers specific data later in this 
volume and elsewhere. Most attention is paid here to the prob- 
lems encountered with ferrous alloys as these are the most impor- 
tant and have been . the subject of the most extensive study. 

84. Variables Affecting Machinability— To remove metal by 
machining the tool must penetrate below the surface of the metal 
to be machined. The facility with which this occurs depends 
upon the relative indentation hardness of the tool and c.: the 
metal to be machined. In general, for machining with carbon- 
steel tools, the Brinell hardness number of the metal cut should 
not exceed about 250, equivalent to a tensile strength of 120,000 lb. 
per sq. in. With some of the high-speed tools now available, and 
especially with some of the new cemented carbide tools, steels with 
much higher hardness can be machined readily. 
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Also important are the strength and toughness of the metal to 
be machined. After the tool has penetrated below the surface, it 
must break off the chip; hence, for easy machinability the material 
should be brittle and relatively weak, or it should contain a 
brittle constituent which will act as a “chip breaker/* If other 
things are equal, it needs less power to machine a low-carbon steel 
than it does to machine high-carbon material. This is not to say 
that, because a steel is soft, it is easy to machine; it may be so 
tough that the chips are separated with difficulty, or in extreme 
cases they may weld to the point of the tool. Some metallurgists 
recommend that for automatic machines the minimum Brinell 
hardness number of a steel should be 180 to 200. 

The third and last factor is the structure of the steel being cut. 
It is usually considered that of annealed medium- and high-carbon 
steels, those with completely spheroidized cementite are easiest 
to machine. Opinion on this point is not unanimous as many en- 
gineers claim that if there are some islands of pearlite scattered 
through the spheroids of carbide, the material is machined more 
readily than if the cementite is completely spheroidized. In 
quenched and tempered steels, hardness decreases and machin- 
ability increases as the tempering temperature is increased. Grain 
size is also an important factor. It is usually true that higher 
cutting speeds can be used for coarse-grained steels than for fine- 
grained steels of the same analysis and hardness and still pro- 
duce a satisfactory surface finish. If, however, the finish is the 
most important factor in the machining operation, a fine-grained 
steel is best. 

These metallurgical influences, while very important in deter- 
mining machinability, are only part of the story. Equally im- 
portant are the mechanical factors: the hardness, size, and shape 
of the tool, the angle and rake of the cutting edge, the speed, feed, 
and depth of the cut, and the nature of the cutting fluid, or cool- 
ant, used. In most instances, these overshadow the metallurgical 
factors. Much attention has been paid to the variables included 
under the general term machinability, but much remains to be 
cleared up. The literature is extensive and is growing rapidly; 
this has been covered to 1934 by the bibliography compiled by 
Boston ^ which pays special attention to the mechanical details. 

1 American Society of Mechanical Engineers, A Bihlio^aphy on the Cutting 
of Metals, (compiled by O. W. Boston). Part I, A.S.MX. Research Publ. ig$o, 
S3 pp.; part II, publ. bv the compiler, Ann Arbor, 1955, «02 pp. 
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85. Evaluation of Metallic Materials for Machinability— 
Owing to the number and complexity of the factors involved, it 
is impossible to evaluate the machinability of ferrous or non- 
ferrous materials by a single laboratory test. It is readily possible 
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Fig. 53— Relation of cutting speed for a tool life of i hr. to tensile strength, 
for cuts of 0.08 and 0.16 in. (Wallichs and Dabringhaus, Maschinenbau, v. 9, 

1930, p. 257). 

to classify a series of steels for rough turning, but the order of 
merit into which they fall for this operation may not be the same 
if surface finish is important. Moreover, the order of merit for 
a series of materials as determined by a laboratory test may not 
be the same as in production. Laboratory tests under carefully 
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controlled conditions, plus years of experience, however, have 
shown that there is a relation between machinability and some 
of the other properties of metallic materials. Fig. 53, for example, 
shows that machinability decreases with increasing tensile 
strength. This property, together with hardness, is probably a 
good criterion of machinability. It is also true that, under con- 
trolled conditions, there is very little difference in the machin- 
ability of cast and hot-rolled steels, of carbon and low-alloy steels, 
or of acid and basic steels, provided tensile strength and hardness 
are the same. 

Cast steels and non-ferrous alloys may be more difficult to 
machine than wrought material of the same composition and 
structure if the skin of the casting has cooled rapidly enough to 
harden it, or if the sand has not been removed thoroughly from 
the surface. This is also true for cast iron, but if the skin of cast 
iron is soft, the machinability of this material also varies wdth 
the tensile strength and hardness. 

Many efforts have been made to devise a laboratory test to 
indicate accurately relative machinability in service, but without 
success. The most recent attempts have been concerned with 
the work-hardening capacity of the material cut. It is known 
that when a tool cuts, the metal just ahead of the tool is strain 
hardened. Experiments are being made with the object of using 
the maximum hardness so induced as a measure of machinability. 

86. Free-machining Steels— Despite the impossibility of evalu- 
ating machinability accurately, experience has shown that the 
machinability of some materials can be improved by certain treat- 
ments and, further, that there are alloys of certain compositions 
which can be machined more easily at high speed than other alloys 
of the same general type. Such materials, are, therefore, used 
extensively in automatic machines for the mass production of 
machined parts. 

The machinability of those low-carbon steels which are too soft 
and tough to machine easily is improved by heat treatment and, 
especially, by cold working. Quenching a low-carbon ste^fel to 
increase the Brinell hardness number from 90 or 100 to 170 to 
210 improves its machinability (provided, of course, that no 
martensite is formed by quenching). Cold working is even more 
effeaive in increasing the hardness and at the same time decreas- 
ing the toughness; hence, most low-carbon steels which must be 
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machined economically are cold drawn or cold rolled. This 
operation also has the advantage that it produces a smooth 
surface. 

The best and cheapest method of improving the machinability 
of low-carbon steels is adding sulphur, or lead, or both. High- 
sulphur steels are widely used for automatic screw machine work, 
and suitable compositions have been standardized by the Society 
of Automotive Engineers. However, owing to the high sulphut 
(plus, for some of the steels, high phosphorus), these “free- 
machining" or “free-cutting" sh^els have much lower impact 
resistance than low-sulphur steels of the same carbon content and 
should be employed, therefore, only where low impact resistance 
is not a handicap. Leaded steel is a development of the past five 
years. The addition of lead improves the machinability of low- 
as well as of high-sulphur steel. Leaded steel is also more resis- 
tant to impact than high-sulphur material. The relative ma- 
chinability of the free-machining steels compared with three low- 
sulphur steels is given in Table 5.* 

rAHLii 5. Approximate Machinability Rating of Cold- worked Free 

CUTTING Steels 


SA.E. 

No. 

Composition, per cent 

Machinabil- 
ity rating, 
per cent 

c: 

Mu 

A 

P 

X1112 j 

0.08 to 0.16 

0.60 to 0.90 

0.20 to 0,30 

0.09 to 0.13 

140 

II 12L* 

0.08 to 0. 16 

0.60 to 0,90 

O.IO too. 20 

0.09 to 0.13 

140 

II 12 

0.08 to 0.16 

0.60 to 0.90 

O.IO to 0.20 

0.09 to 0.13 

100 

X1314 

0. 10 to 0.20 

1. 00 to 1.30 

0.075 to 0.1 50 

0.045 max. 

90 

X1315 

O.IOtO 0.20 

1. 30 to 1.60 

0.075 to 0.150 

0.045 max. 

«7 

IU5 

0.10t00.20 

0.75 to 1. 00 

0.075 to 0.150 

0.045 max. 

81 

1120 

o.i5too.25 

0.60 to 0.90 

0.075 to 0.150 

0.045 max. 

7S 

X1330 

0.25 to 0.35 

1.35101.65 

0.075100.150 

0.045 max. 

76 

X1335 

0.30 to 0.40 

1.35101.65 

0.075 to 0.150 

0.045 max. 

72 

X1340 

0.35 to 0.45 

l.35toi.65 

0.075100.150 

0.045 max. 

70 

1020 

0.15 to 0.25 

0.30100.60 

0.055 max. 

0.045 Diax. 

63 

1040 

0.35 to 0.45 

0.60 to 0.90 

0.055 max. 

0.045 max. 

60 

loio 

0.05 to 0.15 

0.30 to 0.60 

0.055 max. 

0.045 max. 

53 


* Contains 0.20 to 0.25 per cent lead. 


Iron carbide particles, if favorably located and of favorable 
shape, act as chip breakers; thus unalloyed carbon steels contain- 
ing 0.20 to 0.40 per cent carbon, when properly annealed, machine 
2 Adapted from a tabulation by H. W. Graham. Metal Process, July 1959, 
53 ^ 
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much more easily than those containing carbon below 0.15 per 
cent (Table 5). The best chip breaker is manganese sulphide 
(MnS). In high-sulphur steel, inclusions of MnS, when well 
distributed as small particles, break up the chips very effectively 
and, as Table 5 shows, greatly improve machinability. Despite 
their low impact resistance large tonnages of high-sulphur steels 
are used. 

The action of lead in improving machinability is not wholly 
understood. It was noted in Chapter 4 (page 61) that, when 
0.10 to 0.25 per cent of this element is added to low-carbon steels, 
it cannot be detected in the structure of the solid metal; it appar- 
ently is present as well distributed submicroscopic particles that 
act not only as chip breakers but as an internal lubricant as well. 

87. Relative Machinability of Steel and Non-ferrous Alloys 
—An approximate evaluation of the relative machinability of 
some common ferrous and non-ferrous materials can be made by 
averaging the data reported by Boston ^ for drilling, milling, and 
planing tests. They were reported as the horsepower required to 
remove one cubic inch of metal per minute. The order is as 
follows: 


Horsepower per cu in. 


Material per min. 

Magnesium alloys 0.30 

Bearing bronze o • 35 

Aluminum alloy, 8% Cu 0.35 

Free-cutting brass 0.38 

Manganese bronze 0.60 

Hard cast iron 0.60 

Malleable iron 0.75 

Yellow brass, unleaded 0.85 

Free-cutting steel, cold drawn 0,90 

Forged carbon steel, 0.20% C 1.12 

Nickel steel, 0.40% C 1.20 

Annealed copper 1.35 

Tool steel, high carbon 1.60 

Low-carbon, high-chromium steel 1.70 

Monel metal 1.70 


This is not an infallible evaluation, and the order might be 
changed for some of the alloys if the conditions of the tests were 
changed slightly. It does, however, show that it requires much 
more power to machine the free-cutting steels than is needed for 
some of the magnesium and aluminum alloys, some of the free- 
cutting brasses and bronzes, or cast or malleable iron. 

»0. W. Boston, Proc, Am. Soc. Test. Mat., v. 31, 1931, Jl, pp. 388-421, 
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Soft gray cast iron, containing no hard excess carbide or phos- 
phide particles, and malleable iron are the most readily machin- 
able of all ferrous materials, usually ranking higher than high- 
sulphur steel. The ease with which these materials are cut is due 
primarily to the softness of the ferrite plus the numerous small 
particles of graphite which act as chip breakers and as a lubricant. 

In general, copper- and aluminum-base alloys are easy to 
machine. There is, however, enough difficulty with these alloys 
so that special compositions are used for material that is cut in 
automatic machines. Free-cuttirig brass and bronze contain i 
to 4 per cent lead; theii machinability is 70 to 100 as compared 
to 20 to 30 for the same alloys containing no lead. Automatic 
machine work on aluminum alloys was difficult until four strong 
aluminum-copper alloys rated as free-machining were made avail- 
able recently. 

88. Types of Wear— The importance of wear resistance needs 
no amplification. Wear occurs in machines when shafts rotate, 
when pistons and valves operate, when a gear meshes and drives 
another, when steel or cast-iron wheels start, run, or stop on 
rails, when brakes are set, when excavating, conveying, crushing 
or mixing machines handle sand, clay, rock, coal, or minerals, 
when agricultural implements are used, and in a multitude of 
other engineering applications. Some of the most destructive 
wear of metals is caused by rapidly moving soft materials; for 
example, the wearing of hardened steel parts by cotton or silk 
thread in textile machinery. 

The wear of metals may be divided broadly into metal-to-metal 
wear and abrasive wear. Another division is possible: into wear 
under rolling friction or under sliding friction and, further, 
according to whether lubrication can or cannot be used. The 
latter is, of course, most important in the metal-to-metal contact 
of machine parts. Lubrication may be omitted from detailed 
consideration because, although it greatly influences the rate of 
wear, it probably has little or no effect on the type of wear. Wear 
resistance is an important property of metals used in machines 
even if lubrication is of the best, because perfect lubrication 
is more of an ideal than a reality. Moreover, even if lubrication 
is so thorough that it prevents a metal-to-metal wear, it frequently 
happens that extraneous grit in the lubricant causes severe abra- 
sive wear. Another important factor entering into the wear of 



164 MODERN METALLURGY FOR ENGINEERS 

machines is corrosion of the wearing surfaces caused by con- 
densed moisture or acids in gases and lubricants. 

Wear involving a single type is rare; in most macliinery, both 
abrasive and metal-to-metal wear occur. This is the case in such 
parts as shafts revolving in bearings, where abrasive wear occurs 
until the shaft and bearing are ''run in'* and worn to a mirror 
finish, after which metal-to-metal wear predominates. Since in 
such service wear can rarely be avoided completely even with 
the best lubrication, it is common to use a hard metal and a rela- 
tively soft one together, the softer material being used (as in a 
bearing) for the part which is most economical to replace. In 
some kinds of excavating and material-handling equipment, 
abrasive wear is the principal type involved. 

89. Variables Affecting Wear Resistance— Like machinability, 
wear resistance depends upon two factors, the metallurgical and 
the mechanical. The latter has been discussed briefly in the pre- 
vious paragraphs and may, consequently, be dismissed with the 
statement that wear of metal depends as much, or even more, on 
the conditions of service as upon the metal used. The metal- 
lurgist cannot recommend a material for use involving wear 
unless he knows with some exactness all the factors which enter 
into that particular application. 

From the metallurgical standpoint, wear resistance is inversely 
proportional to machinability and, in general, directly propor- 
tional to hardness. Hardness, however, is not the only metal- 
lurgical factor of importance. Wear by abrasion, like machin- 
ability, involves tearing off small particles of the metal. Conse- 
quently strength and toughness are important factors in resisting 
wear. 

The wear resistance of the various carbon and alloy steels 
receives attention elsewhere; it can be dismissed here with a brief 
mention of the general types of ferrous material used for wear 
resistance. The first and most common, especially for metal-to- 
metal wear, is a cast iron or a steel with a surface of high hard- 
ness. Usually, in an application requiring high surface hardness, 
considerable toughness, especially of the core, is also required. 
This combination of properties is attained by quenching and 
tempering an alloy steel or by case carburizing or nitriding a 
carbon or alloy steel and heat treating to produce high surface 
hardness combined with considerable ductility in the core. 
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For abrasion resistance, two kinds of materials are used: (i) an 
austenitic steel which is relatively soft but which, under the 
severe cold working of the abrasion, transforms to martensitic; 
and (2) a carbon or alloy steel on which a hard surface layer of 
some special alloy is deposited by electric arc or other method. 

90. Evaluation of Steel for Wear Resistance— The evaluation 
of the wear resistance of steels is one of the most difficult problems 
a metallurgist is called upon to solve. Simulating actual service 
conditions by a laboratory test— the most important phase of this 
problem— can be aca>mplished only rarely and then only if wear 
in service occurs rapidly and if it is possible to design a machine 
which duplicates service conditions exactly. Wear is usually a 
slow process. Shidle"^ notes that, when a 5-ton truck has finally 
worn out, it has lost only 5 pounds of metal. The useful life 
of the average automobile engine is probably 100,000 miles, hence 
the difficulty of devising a test which will simulate such service 
conditions accurately. 

Several types of laboratory machines have been developed that 
determine the wear resistance of a material fairly rapidly and 
under relatively closely controlled conditions. For determining 
metal-to-metal wear, the most common is the Amsler machine, 
which tests a specimen under pure sliding or pure rolling friction, 
or a combination of the two. Pressures can be varied at will, and 
wear can be determined at any temperature, with or without 
lubrication. Some data on metal-to-metal wear at room tempera- 
ture of carbon steels, together with Rockwell hardness, are shown 
in Fig. 54.5 

For the determination of abrasive wear, two machines are com- 
monly employed: the Brinell and the Spindel (used widely in 
Germany) which use sand or emery as the abrasive. Much care 
is necessary in the selection of the abrasives as these may not be 
uniform. The order of merit of a series of steels and alloys with 
one abrasive may change completely if another abrasive or a 
different lot of the same abrasive is used. It has been said with 
considerable justification that machines for determining resistance 
to abrasive wear are a better test of the abrasive than of the 
metal. 

The important fact to be recognized is that any wear-testing 

4 N. G. Shidle, Automotive Industries, v. 66, Mar. 19, 1932, p. 449. 

6 S. J. Rosenberg, The Iron Age, v. 128, 1931, pp. 1366, 1367. 
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macliine determines the relative resistance of a series of metals or 
alloys under a few carefully regulated conditions, but that the 
results obtained, while valuable for comparing the materials, 
cannot be translated quantitatively into probable life in service 
unless the test used duplicates in all respects, including time, the 
conditions of service. A valuable discussion of the factors in wear 



Carbon, per cent 

Fig. 54--Efrect of carbon content and heat treatment on metal-to-metal wear 
of carbon steels (Rosenberg). 

resistance and of the wear of metals in automotive, power-plant, 
and textile-plant equipment, together with a bibliography on 
wear, has been published recently by the American Society for 
Testing Materials.® 

gi. Importance of Deep-dra^ving Properties— Practically all 
steels and most of the non-ferrous alloys can be deformed cold, 

« Symposium on Wear of Metals, Philadelphia Meeting, April 1957, 105 pp 
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but how much deformation they will withstand without failure, 
or without annealing to restore ductility, varies greatly, depend- 
ing upon composition, structure, and other factors. In general, 
the higher the ductility as shown by the tensile test, and the 
lower the hardness, the more a material can be deformed without 
fracture. Thus, low-carbon wire can be drawn through a die to 
a smaller size than high-carbon wire without intermediate anneal- 
ing to restore the original ductility and softness. 

As cold forming by pressing or stamping is cheap and readily 
adapted to large-scale production, this method is used widely, 
especially by those industries producing automobile fenders and 
bodies and a variety of small stamped utensils for domestic and 
other uses. With the exception of aluminum and stainless steels, 
practically all deep-drawn products are coated— galvanized, 
tinned, painted, enameled, lacquered, or nickel- or chromium- 
plated. High ‘tensile strength is usually not important, conse- 
quently, the materials most widely used are those with the least 
tendency to harden when cold worked. The principal ferrous 
materials are, therefore, ingot iron, unalloyed basic open-hearth 
steels containing 0.04 to 0.10 per cent carbon, and the soft stain- 
less steels, all in the form of thin annealed sheets. 

As the manufacture of deep-drawn products, such as of fenders 
and bodies by the automotive industry, is a continuous low-cost 
operation, it is common practice for consumers of this grade of 
sheet to arrange their various operations so that the material is 
worked until it strain hardens almost to the breaking point before 
annealing is necessary. Steel with a ductility just slightly below 
the standard will, therefore, show excessive breakage. 

Consumers’ requirements have become more severe year by 
year. It is only necessary to compare the automobile fender of 
the last year or two with those of 10 years ago to prove how the 
steel industry has kept up with this demand by raising the quality 
of its deep-drawing stock. There is still much room for improve- 
ment, both on the part of the steel maker and on the part of the 
j:onsumer of deep-drawing sheets. What is needed most urgently 
is a test giving a reliable indication of drawability and a standardi- 
zation of consumers* requirements. 

92. Evaluation of Steel for Deep Drawing— As just stated, 
there is no single test for evaluating steel for deep drawing. 
Drawability is a weighted average of a large number of compo- 
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nents which include, among others, yield ratio in tension, hard- 
ness, elongation, reduction of area, and possibly impact. Draw- 
ing different shapes involves a different relation of the compo- 
nents; hence, even if all the components were known and could 
be weighted accurately, it would be necessary to change the 
weighting for different drawing operations. The difficulty of 
weighting even the known components accurately is increased by 
the virtual impossibility of determining reduction of area— prob- 
ably the most important component— accurately on thin speci-. 
mens. Some users of deep-drawing stock have arrived at certain 
combinations of tensile strength, elongation, and hardness for 
different thicknesses of sheet to indicate satisfactory drawing 
properties, but such correlation is worthless to others who draw 
their product under slightly different conditions. 

To overcome these difficulties, and in the hope that a single 
test could be devised to measure drawability, much time and 
effoit have been devoted to the cupping test. Several varieties 
have been developed, chief of which are the Erichsen, used in 
Europe, and the Olsen, used chiefly in the United States.^ Essen- 
tially, the test consists of supporting a specimen of the sheet 
between two dies, while a ball or a plunger is brought down 
against the specimen forcing it into the shape of a cup. The flow 
of the metal can be followed in a mirror, and the first fracture 
can be observed. The depth of the cup, or the pressure neces- 
sary to cause failure, is measured. The test gives some informa- 
tion on how the material deforms but not enough invariably to 
predict how it will deform in service. Metallurgical opinion on 
the value of cupping tests is divided; some metallurgists consider 
them not only unreliable but actually misleading. 

Because the structure and the hardness of steel are important 
factors in deep drawing, great care is exercised in the melting, 
rolling, annealing, and finishing of the sheet so that the grain 
size will be controlled accurately and the hardness will be within 
certain limits. A fine-grained steel can be deformed to a greater 
extent and has a much better surface after deforming than coarse- 
grained material. This is shown in Fig. 55. The surface of the 
fine-grained steel is smooth after cupping; the coarse-grained ma- 
terial, on the contrary, has a crinkled **orange peel*' surface. 

7 American Society for Metals, Metals Handbook, 1959 ^d., pp. 584-525. 




Fig. 55— Structure and Erichsen cupping tests of (A) fine-grained and (B) 
coarse-grained low-carl)on sheet steel (Korber, S/ahl u. Eisen, v. 47, 1927, 

p. 1158). 


the surface (Fig. 56). This defect is analogous to the orange-peel 
surface caused by large grains (Fig. 55). The double yield point 
and the tendency of annealed low-carbon steel to show stretcher 
strains can be eliminated by subjecting such sheet to a small 
amount of cold rolling, which raises the hardness slightly and 
stiffens the material enough so tliat no distinct jog is evident in 
the stress-strain curv^e at the yield point. 

There is still much to be learned about deep-drawing steels and 
their behavior under extreme deformation. In general, micro- 
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scopic examination, Rockwell B hardness and yield ratio, plus 
some form of cupping test, give about as much information on 
drawability as can be secured at present. The steel maker is 
sometimes greatly puzzled because a certain lot of sheet, of the 
best quality he can produce, will be rejected as unsatisfactory by 
one user but if shipped to another consumer, will give splendid 



Fig. sG—Stretcher strains in cold-drawn low-carbon sheet (Winlock and 
Kelley, Trans. Am. Soc. Steel Treat., v. i8, 1930, p. 241). 


results. Such experiences lead the steel maker to suspect that his 
customers do not know much about drawing sheet steel. On the 
other hand, consumers have found that out of a shipment of ten 
lots of steel, identical by all known tests, nine would draw satis- 
factorily, but the sheets of one lot would show excessive breakage. 
This leads the consumer to wonder if the steel man knows how 
to make good steel. Such differences of opinion need reconcilia- 
tion. 



Chapter 1 1 


CARBON STEEL AS AN ENGINEERING 
MATERIAL 


f OR a thousand years before 1850 man's entire stock of ferrous 
metals consisted of cast iion, wrought iron laboriously made in 
small quantities at high cost, and a few high-carbon steel tools 
made even more laboriously and at still higher cost. These were 
valuable materials and represented a long step forward from the 
metals of the bronze age, but they were too costly or too low in 
quality to be used in building railroads, bridges, buildings, and 
ships. As a result, industrial civilization stagnated until the 
discoveries of Henry Bessemer in England and William Kelly in 
the United States between 1850 and i860 ushered in a new era. 
These discoveries announced the birth of the “steel age"; they 
resulted in the development of a process for making carbon steel 
in quantities large enough and at a cost low enough to make it 
available for every use. 

It did not take man long to put the new metal to work. In 
1870, he used about 800,000 tons; 30 years later, he used 28 
million tons.^ Carbon steel is still the most important metallic 
material; in 1939, approximately 95 per cent of the steel produced 
in the United States (50 million tons) was carbon steel. 

About 3 per cent of the carbon steel produced annually is 
poured into castings which are used in the form the metal assumed 
in the mold with no further mechanical treatment. The remain- 
ing 97 per cent is poured into ingots that are hot worked by 
rolling, forging, or pressing into a large variety of finished or semi- 
finished products. Most finished wrought sections receive no 
further treatment; .a few are subjected to some form of heat 
treatment before use. Some semifinished wrought products are 
processed further by additional hot working; the rest are fabri- 

1 Estimate by Sir Robert Hadfield, Collected Papers, vol. 7. 
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cated into the desired form by cold working (see section 24). 
Cold-worked steels may or may not be heat treated before being 
used. 

There are, therefore, four major classes of finished products 
of carbon steel: castings, hot-worked products, cold-worked prod- 
ucts, and heat-treated products. It is impossible to decide which 
of these four classes is the most important in present-day eco- 
nomic life since each plays a definite role for which there is no 
understudy. Without hot-rolled I-beams there would be no 
skyscrapers; without heat-treated tools they could not be built; 
without cold-drawn wire for elevator cables they could not be 
used; and without castings for steam and water lines they would 
not be habitable. It is the same in most other industries: each 
class of carbon steel is indispensable, and the cost or tonnage is no 
criterion of its value to man. 

93. Carbon-steel Castings as Engineering Materials— Un- 
alloyed steel castings have many industrial uses. Despite the fact 
that their mechanical properties are generally inferior to those 
of hot-worked steel of the same composition, the proportion of 
castings to rolled or forged material remains substantially un- 
changed year after year. The reason for this is twofold: (1) sec- 
tions which are so complex that it would be difficult or even 
impossible to fabricate them by rolling or forging can be produced 
readily at low cost by casting; (2) castings are cheaper than forg- 
ings if a few pieces of a fairly intricate shape are desired. The 
economical production of such articles by forging is possible only 
when a large number of pieces of a single shape are produced thus 
spreading thinly the cost of the expensive forging dies. 

Steel for castings may be melted by any of the processes enumer- 
ated in Table 2. Most of it is made by the basic or acid open- 
hearth or the acid electric process. The open-hearth process is 
used for melting steel for large castings; the acid electric process, 
owing to its flexibility and to the high temperatures obtainable, 
is favored for small castings, especially those of intricate shape. 
Steel castings are used for railroad equipment, especially for 
underframes of cars, for agricultural and excavating equipment, 
various parts of machines, electrical equipment, and a large va 
riety of small parts and fittings. 

There are three grades of steel castings for which specifications 
have been issued by the American Railway Association, the 
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United States Government, and a number of technical societies. 
These have the following minimum properties: 


Grade 

Tensile 
strength, 
lb. per sq. in. 

Yield 
strength, 
lb. per sq. in. 

Elongation in 

2 in., per cent 

Reduction of 
area, per cent 

Hard 

80,000 1 

36,000 

17 

25 

Medium. . . 

70,000 i 

31.500 

20 

30 

Soft 

60,000 

27,000 

24 i 

35 


Most specifications also show the maximum amount of sulphur 
and phosphorus permitted. This may be 0.050 or 0.080 per cent 
depending on whether the steel is made by a basic or an acid proc- 
ess. Manganese and silicon percentages vary widely, from 0.30 to 
1 .00 per cent for the former, and from 0.15 to 0.55 per cent for the 
latter. Some specifications give limits for these elements, most do 
not. The amount present in a steel depends on the process by 
which it was made and how thoroughly it was deoxidized. Car- 
bon ranges from about 0.10 to 0.50 per cent; the amount is usually 
not specified, so the foundryman is permitted to vary this element 
to obtain the required properties. 

94. Factors Affecting the Properties of Carbon-steel Castings 
—Since the properties of carbon-steel castings are greatly improved 
by heat treatment, many castings are now annealed, normalized 
and annealed, or normalized and spheroidized. Quenching and 
tempering, of castings of such shape that distortion is not likely 
to be serious, are used more and more frequently. 

Large castings cool so slowly in a sand mold that a very coarse 
angular structure results (Fig. 57/^).^ If the casting is not too 
large, simple annealing will refine the grain and improve the 
properties (Fig. 57^); but such treatment does not effect complete 
homogenization in large castings. These are subjected to high- 
temperature normalizing followed by a grain-refining treatment. 
Quenching and tempering produce the finest structure (Fig. 57C) 
and the best combination of properties. 

As is evident from Fig. 57, the smaller the grain size the better 
the properties. Grain size is directly related to the rate of cooling 
from the solidification temperature to the transformation 
temperature. It follows, therefore, that a small casting usually 

2 Micrographs by courtesy of Bonney-Floyd Company. Mechanical proper- 
ties based on data by H, A. Mitchell, The Iron Age, v. 126, 1930, pp. 914-917. 
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has smaller grain size and better properties than a large casting; 
moreover, if the casting is not heat treated, it is also true that in 


T.S. 74,000 
Y.S. 37,000 
El. 19-5 
R.A. 31.0 
Izod 16 


T.S. 75,000 
Y.S. 41,500 
El. 24.5 
R.A. 46.0 
Izod 20 


T.S. 83,000 
Y.S. 57,000 
El. 31-5 
R.A. 69.5 
Izod 42 


Fig. 57— Structure and typical mechanical properties of cast steel containing 
0.30 per cent carbon and 0.79 per cent manganese. T.S. and Y.S. are tensile 
strength and yield strength in lb. per sq. in.; £1. and are elongation, 
in 2 in., and reduction of area in per cent; Izod is Izod impact value in ft-lb. 
(A) as cast; (B) annealed at 1650® F. (900® C.); (C) water quenched from 
1650® F. and tempered at 1300® F. (705® C.); etched, looX. 

large castings the properties are better near the surface than at the 
center.* 

8 Owing to the mass effect, it is frequently a serious problem to cast a test 
specimen that has properties truly representative of the casting. 
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The factor of greatest importance to the properties of cast car- 
bon steel is carbon content. If other things are equal, increasing 
the carbon increases the tensile and the yield strength and de- 
creases elongation, reduction of area and impact resistance. When 
the carbon is higher than 0.50 per cent, tlie casting is usually so 
brittle, even after heat treatment, that it is used only for a few 
specific applications— for example, rolls and dies— where hardness 
and wear resistance are the most important properties. 

In general, carbon-steel castings of satisfactory mechanical 
properties can be made rt adily by regulating the carbon content 
and by using a simple annealing or normalizing treatment. The 
minimum properties given on p. 173 are conservative and are 
easily attained in commercial production. 

Cast carbon steels containing 0.20 to 0.40 per cent carbon have 
an endurance ratio of between 0.40 and 0.50. In the cast condi- 
tion the ratio is usually between 0.40 and 0.43. Heat treatment 
(i.e., annealing, normalizing, or quenching and, tempering) 
improves it, but it is usually somewhat lower than the endurance 
ratio of a comparable steel which has been hot worked. Heat 
treatment also improves the yield ratio, elongation, and reduction 
of area of cast carbon steel and increases the resistance of the 
material to single-blow impact (Fig. 57). The added cost of heat 
treatment is usually justified if castings are to be subjected in 
service to stresses of considerable magnitude. 

95. Hot-worked Carbon Steels as Engineering Materials— 
Most hot-rolled or forged carbon steels contain between 0.05 and 
0.30 per cent carbon and are used for sheet, plate, strip, tubes, 
pipe, various structural sections, tin-plate and other coated sheets, 
and a large number of semifinished sections that are hot or cold 
worked into bars, wire, sheet, and tubes. Also included in this 
class is the well-known ‘‘machine steel” which is used for a wide 
variety of low-stressed machined parts, and which is the mainstay 
of every crossroads blacksmith shop in the world. Medium- 
carbon steels containing between 0.30 and 0.70 per cent carbon 
are used for railway materials, especially rails, for a large number 
of forgings, and for high-strength wire. The higher carbon 
grades, containing 0.70 to 1.30 per cent carbon, are used largely 
for tools and cutlery and to a lesser extent for springs and wire. 
Low-carbon st^ls are heat treated rarely; the medium-carbon 
grades may or may not be heat treated depending upon their use; 
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the high-carbon steels are always used in the hardened and tem- 
pered condition. 

The properties of hot- worked carbon steel are affected by (1) 
the composition, (2) the several variables present in hot working, 
and (3) the rate of cooling from the rolling temperature. Except 
for deep-drawing sheet, this third factor is not important for low- 
carbon steels; in the case of small sections of medium- and high- 
carbon steels, air cooling may cause enough hardening to mask 
any effect of moderate changes in composition or of variations in 
the hot-working operation. The effect of composition is discussed 
in the next section. Of the three variables inherent in hot work- 
ing-direction of work, amount of work, and finishing tempera- 
ture— the first is the most important. In general, specimens cut 
longitudinally and transversely to the direction of hot working 
have about the same tensile strength and yield strength, but the 
elongation, reduction of area, and impact resistance of the trans- 
verse specimens are lower than those of the longitudinal speci- 
mens. This difference in directional properties is present even 
in clean steels, but it is accentuated by inclusions which are plastic 
at hot-working temperatures and which are thus elongated into 
fibers by the mechanical work. 

g6. Effect of Composition on Static Properties of Hot-worked 
Carbon Steels—The effect of carbon on the tensile properties of 
hot-worked basic open-hearth steels containing between 0.30 and 
0.60 per cent manganese and between 0.02 and 0.04 per cent 
phosphorus is shown in Fig. 58.^ The center line of the hatched 
area represents the properties to be expected most frequently. 
The top and bottom boundaries of the hatched areas give the 
limits of the properties to be expected at least 95 per cent of the 
time in the testing of commercial rolled or forged basic open- 
hearth steel of these carbon percentages. The data used for plot- 
ting Fig. 58 were obtained mostly by statistical analysis. It is 
safe, therefore, to conclude that of 1000 specimens of 0.20 per 
cent carbon steel about 700 will have a tensile strength of^between 
63,000 and 65,000 lb. per sq. in., and about 970 will have a tensile 
strength (60,000 to 68,000 lb. per sq. in.) which falls within the 

* The values in Fig. 58 are a summary of all the data given in The Alloys of 
Iron and Carbon, Vol. 11 — Properties, Chapter 4, section A, and include not 
only laboratory investigations and other data but also the data obtained in 
Germany by statistical analysis of more than 100,000 individual tests. 
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hatched area for steel of this carbon content. There will, how- 
ever, be about 30 specimens, or 3 per cent of the whole, with a 
strength falling above or below the limits shown. These propor- 
tions should hold for steel of any carbon content between 0.05 
and 0.70 per cent. 

The elongation values used for Fig. 58, if not originally deter- 
mined on a 2-in. gage length, were converted to this gage. In 



Fig* 58— Effect of carbon on tensile properties of hot-worked carbon steels. 

connection with the elongation it should be noted that the usual 
fiat specimen for plate, sheets, and similar products has a gage 
length of 8 in., hence values given in Fig. 58 are some 20 to 30 
per cent higher than would normally be obtained on an 8-in. 
gage.^ The increase in Brinell hardness with increasing carbon 

5 If standard flat specimens of basic steel of about 60,000 lb. per sq. in. 
tensile strength and with gage lengths of a, 4, and 8 in. are tested, the 
respeaive elongation values will be approximately 45, 35, and 30 per cent 
respectively (see section 69). 
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per cent carbon used for needles, surgical and dental instruments, 
music (piano) wire, springs, rope and cable wire, and for numer- 
ous other purposes where high quality and reliability combined 
with high tensile strength and considerable ductility are required. 

99. The Important Properties of Cold-worked Steel—The 
static properties ordinarily determined on cold-worked steels arc 
tensile strength and elongation, usually with a gage length of 10 



Reduction by co/d wor/<ing, percent 


Fig. 59— Stress-strain curves of cold-worked low-carbon steel (Kenyon and 

Burns). 

in. for wire and of 2 or 8 in, for sheet and strip. Owing to the 
small cross-section of most cold-worked materials, reduction of 
area, which is a valuable measure of ductility, cannot be deter- 
mined accurately. Yield strength is rarely determined on cold- 
worked wire and sheet or strip; but for cold-rolled bars of large 
enough cross-section so that accurate measurements are possible, 
yield strength and reduction of area are frequently reported. 
Cold working increases the yield strength; with reductions in 
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cross-section of 30 to 70 per cent it is at least 90 per cent of the 
tensile strength, and with higher reductions it may for practical 
purposes be the same as tlie tensile strength. As shown by Fig. 
59,® the stress-strain curve of severely cold-worked steel is curved 
from the origin; the elastic limit is, therefore, very low and may 
be zero. 

Several unstandardized tests are used to determine the ductility 
of cold-worked wire and sheet. Some of these are crude, but in 
experienced hands they give reliable indications of excessive brit- 
tleness or local irregularities. The most common of these is the 
bend test in which a specimen of definite size, clamped in a vise 
and bent 180 deg. over a definite radius, must not crack. In the 
other test, a specimen is bent back and forth 90 deg. over a man- 
drel until failure occurs. The number of 90-deg. bends before 
failure is a measure of the ductility. 

Another test of the ductility of wire is the twist. A specimen 
of suitable length is twisted in a machine, which has one revolv- 
ing head, until it fails by shear. The number of 360-deg. revo- 
lutions of the movable head of the machine is the number of 
twists. Some metallurgists consider that the twist is a good 
measure of ductility; others believe that its principal value is to 
detect local irregularities or flaws in the wire. 

100. General Effects of Cold Working on Strength and Duc- 
tility—The primary effect of cold working is a rapid increase in 
tensile strength and an even more rapid decrease in elongation. 
This is shown in Figs. 60 and 61/ As Fig. 60 indicates, cold 
working increases the tensile strength of high-carbon steel wire 
more rapidly and to a greater degree than it increases the strength 
of low-carbon material. A reduction of area® of 70 per cent 
increases the tensile strength of high-carbon steel from about 
130,000 lb. per sq. in. (see Fig. 60) to about 210,000 lb. per sq. in.; 
the same reduction increases the tensile strength of low-carbon 
steel from approximately 60,000 lb. per sq. in. to about 110,000 
lb. per sq. in. 

® R. L. Kenyon and R. S. Burns, Trans. Am. Soc. Metals, v. 21, 1933, p. 595. 

^ Prepared by E, E. Legge for Sisco, The Alloys of Iron and Carbon, Vol. II, 
Properties, McGraw-Hill Book Company, Inc., New York, 1937, PP* 
and 114. 

fi The term reduction of area is used in cold working to signify the amount 
that the cross-section has been reduced by the cold-working operation. It 
should not be confused with the same term used in tensile testing. 
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In contrast to its effect on the tensile strength, which varies 
with the carbon content (and the amount of cold work), cold 



Reduction of area in drafting,pcr cent 

Fig. 60— Effect of cold working on the tensile strength of carbon steel (Legge). 


working with reductions in cross-section as low as lo per cent 
decreases the elongation of steels containing 0.05 to 1.00 per cent 
carbon to a small value (Fig. 61). Further reductions lower the 
elongation still more, but the efiEect is much less marked. 

It should be emphasized that Figs. 60 and 61 indicate only 
approximately the properties resulting from various amounts of 
cold work. Although the total amount of cold working is the 
variable which has the greatest effect on strength and ductility, 
it is not the only one. The composition, as Fig. 60 indicates, is 
important, and the structure of the steel before cold working also 
has a large effect, especially for medium- and high-carbon steels* 

The effect of cold working on the properties is not so* pro- 
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nounced for heavy sections, where complete distortion of the 
grains does not occur at the center of the piece, as it is in the case 



Reduction of area in dr<jift/ng,percent 


Fig. 61— Effect of cold working on the elongation of carbon steel (Legge). 

of wire and thin sheet. This is shown in Table 6 which gives the 
static properties of a i-in. round cold-rolled bar. 


Table 6. Effect of Cold Rolling on the Tensile Properties of a Steel 
Containing 0.14 Per Cent Carbon 


Property 

A nnealed 

Reduced 30 
per cent by 
cold rolling 

Reduced 60 
per cent by 
cold rolling 

Tensile strength, lb. per sq. in 

58,800 

80,600 

98, 100 

Yield strength, lb. per sq. in 

34400 

75i30o 

96,700 

Proportional limit, lb. per sq. in 

27,500 

15,600 

10,100 

Elongation in 4 in., percent 

41.7 

22 

10.5 

Reduction of area, per cent 

65.8 

58 

43 
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Cold working has the same general effect on the properties of 
sheet and strip as it has on wire. The final tensile strength and 
elongation depend primarily upon the amount of reduction, 
secondarily upon the composition, and to a less extent on other 
variables. A reduction of 50 per cent by cold rolling has the 
following effect on the properties of 0.05 per cent carbon steel 
for automobile fenders and bodies: 


Condition 

Tensile 
strength, 
lb, per 
sq, in, 1 

Yield 
strength, 
lb. per 
sq. in. 

Elongatioyi 
in 2 in., 
per cent 

Hot-rolled strip 

55.000 

96.000 

44.000 

40.000 

96.000 

33.000 

28 

Cold rolled 50 per cent 

2 

Annealed 

38 



The effect on the properties varies with the carbon content. A 
reduction by cold rolling of 60 per cent has the following effect on 
strip: 


Carbon, per cent 

Increase in tensile 
strength, per cent 

Decrease in 
elongation, per cent 

0. 10 

65 

70 

0.20 

63 

70 

0.30 

61 

68 

0.50 

57 

67 


10 1. Variables Affecting the Properties of Cold- worked Wire 
—There are so many variables, in addition to the amount of re- 
duction, which affect the properties of cold-worked carbon-steel 
wire that only a brief summary can be given here. About 85 
per cent of all wire is drawn from acid Bessemer or basic open- 
hearth low-carbon steel. Of the two kinds of steel used, hard- 
drawn Bessemer wire is stronger than hard-drawn basic open- 
hearth steel wire: depending on size, the tensile strength of the 
former varies from 90,000 to 150,000 lb. per sq. in. and of the 
latter from 80,000 to 125,000 Ib. per sq. in. for comparable sizes. 
Basic open-hearth steel wire is, however, more ductile than Bes- 
semer wire, has slightly higher elongation and withstands con- 
siderably more twisting than the Bessemer product. 

Galvanizing low-carbon cold-drawn wire by passing it through 
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a bath of molten zinc reduces the tensile strength and increases 
the elongation but induces brittleness as shown by the twist 
test. Tliis brittleness is probably caused by the formation of a 
brittle iron-zinc compound at the interface between coating and 
steel where failure starts readily under torsional stress. 

High-strength wire for cables, ropes, and springs and for music 
wire is usually made from high-grade deoxidized medium- and 
high-carbon steel. The steel is rolled to rods which are patented. 
The best combination of strength and ductility results from draw- 
ing a lead-patented rod Air patenting is cheaper, but the prop- 
erties of the wire aiv not so good. Wire drawn from either lead- 
er ainpatented rod is, however, much superior to that drawn 
from a hot-rolled rod. Hard-drawn music and cable wire drawn 
from lead-patented rod has a strength of 160,000 to 220,000 lb. per 
sq. in. in sizes of 0.2 to 0.3 in. and of 280,000 to 400,000 lb. per 
sq. in. in si :es smaller than 0.1 in. in diameter. Despite the high 
strength and low elongation (0.5 to 1.5 per cent in 10 in.), the 
wire is very ductile and withstands many 90-deg. bends and can 
be wrapped around itself or coiled into long springs of small 
diameter without cracking. 

The wire used for the cables of large suspension bridges is an 
acid open-hearth steel containing about 0.80 per cent carbon, 
0.50 per cent manganese, and low sulphur and phosphorus. The 
wire is drawn from patented rods, and the usual size is 6 gage 
(0.192 in. in diameter). It has an average tensile strength of 
215,000 to 225,000 lb. per sq. in., a yield strength for a perma- 
nent set of 0.75 in. in 10 in. of 160,000 to 175,000 lb. per sq. in., 
an elongation of 3 to 7 per cent in 10 in., and a reductiqn of area 
of 25 to 30 per cent. Rope or cable formed from high-strength 
wire has, owing to its construction, a breaking strength which is 
never more than 90 per cent, and usually only 70 to 80 per cent, 
of the sum of the breaking strength of the individual wires. 

102. Effect of Cold Working on Dynamic Properties— Al- 
though cold working increases the endurance limit by about the 
same percentage as it increases the tensile strength, this means 
relatively little because most cold-worked material has such a 
small cross-section that standard highly polished specimens usu- 
ally cannot be tested. For specimens of wire tested with the 
surface produced by the die, the endurance ratio varies from 
about 0.50, for material containing 0.05 per cent carbon, to 0.25 
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to 0.35, for high-carbon wire having a tensile strength of 275,000 
to 350,000 lb. per sq. in. The low value for hard-drawn high- 
carbon wire is largely due to high internal stresses as reheating 
the wire to effect a partial or complete recrystallization of the 
grains raises the ratio. 

Cold working also decreases the resistance of carbon steel to 
impact. The magnitude of this decrease depends primarily upon 
the amount of cold work and the carbon content— high-carbon 
steels are embrittled to a greater degree than low-carbon materials 
—and upon other variables. The actual Izod impact value may 
be as low as 5 to 10 ft-lb. In general, however, notched bar impact 
resistance is not an important property of cold-worked material. 

103. Heat-treated Carbon Steels as Engineering Materials-' 
Witli the exception of carburizing (see section 61) and the an- 
nealing of cold-worked material, low-carbon steels are seldom 
heat treated. Quenching generally improves the properties but 
hardly enough to justify the cost. Medium-carbon steels are fre- 
quently heat treated; the general improvement in strength and 
ductility, in machinability, or in some other property due to 
thermal treatment is usually well worth while. Since high- 
carbon steels are used primarily for tools where high hardness is 
the chief requirement, these materials are always quenched and 
tempered. Frequently they are also annealed or normalized to 
improve machinability or the structural condition prior to 
quenching. 

The purpose of normalizing and annealing, and of quenching 
and tempering, and the effect of these operations on the struc- 
ture should be apparent from the discussion in Chapter 7. The 
effect of heat treatment on the properties of cast carbon steels is 
dealt with earlier in this chapter. The characteristics of quenched 
and tempered high-carbon tool steels are discussed more appro- 
priately in the chapter on tool steels (Chapter 15). It remains, 
therefore, to summarize briefly the properties of the medium- 
carbon grades after various thermal treatments. 

Annealing and normalizing can be dismissed with a few words. 
Annealing is a softening operation, and with medium-carbon 
steels it is used chiefly to improve machinability. Compared with 
hot-rolled steel containing 0.30 to 0.60 per cent carbon, the ten- 
sile and the yield strength of annealed material are 6000 to 10,000 
lb. per sq. in. lower and the elongation and reduction of area 
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are slightly higher. Impact resistance is usually improved slightly 
by annealing. The endurance ratio, however, is not appreciably 
affected. 

The tensile properties o£ hot-rolled and of normalized medium- 
carbon steels are nearly the same. This is to be expected as most 
carbon steels are air cooled after hot working, from tempei atures 
which approximate the normalizing temperature. The primary 
purpose of normalizing is to homogenize the structure. It is, 
therefore, economically justified for large sections which may be 
heterogeneous in structure after forging or rolling, or for high- 
carbon tool steels, to produce an evenly distributed finely divided 
carbide v/hich dissolves quickly when the steel is heated to the 
hardening temperature. 

104. Properties of Quenched and Tempered Medium-carbon 
Steels— Owing to the internal stresses introduced by quenching 
(see section 58) medium-carbon steels are seldom used in the 
quenched and untempered condition. The properties of such 
materials are, therefore, of little interest. If, however, the internal 
stresses are relieved by tempering, quenched medium-carbon steels 
become valuable structural materials worthy of a brief survey 
here. 

If quenched steel is tempered at a temperature high enough so 
that the particle size of the carbide changes, strength and hard- 
ness decrease and ductility increases almost uniformly as the 
tempering temperature increases. This is shown in Fig. 62 which 
gives the ranges of properties (included within the hatched 
bands) that result 95 per cent of the time from tempering water- 
and oil-quenched 0.40 to 0.50 per cent carbon steels at increasing 
temperatures. 

Charts showing the effect of tempering on the tensile properties 
of quenched carbon and alloy steels of varying carbon content 
have been prepared by several technical societies. It is suffi- 
cient, therefore, to note here that, while they are undoubtedly of 
value in indicating the properties to be expected most of the 
time, they should never be used for specification purposes as 
individual specimens occasionally vary considerably from the 
average value shown on the chart. 

As indicated in section 52, the properties determined on a i-in. 
heat-treated bar may not be representative of the average proper- 
ties of a 6-in. bar similarly treated. The effect of mass on properties 
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is important. Since in many industrial applications large sec- 
tions are used, it may be more essential for the engineer to know 
the average properties or, in some cases, the minimum properties 
than to know the pioperfies at the surface. It is not always 
practicable to test full-sized I-beams or locomotive axles, hence 


Tempering temperature, deg. F. 

600 800 1000 1200 - 600 800 1000 1200 



Fig. 62— EfTect of tempering on the tensile properties and hardness of water- 
and oil-quenched 0.40 to 0.50 per cent carbon steel (S.A.E. 1045) (Sisco, The 
Alloys of Iron and Carbon, Vol. II, Properties, McGraw-Hill Book Company, 
Inc., New York, 1937, p. 200). 


data which indicate the effect of increasing size of section are of 
considerable value. 

In most large sections the cooling rate upon quenching 
decreases as the distance from the surface increases and, if other 
variables do not enter importantly, hardness and strength de- 
crease and ductility increases slightly. Data for medium-carbon 
steel are given in Figs. 63 and 64. Average values from Fig. 62 
for the tempering temperatures used are inserted as points in 
Figs. 63 and 64. The data given in these graphs indicate that the 
effect of mass is more pronounced in water-quenched than in oil- 
quenched material, and that for the same quenching treatment 
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O3— Elkci of section size on the tensile properties of water-quenched 
and tempered o- jo to 0.50 per cent carbon steel (Sisco, op. cil., p. 223). 



Fig. 64— Effect of section size on the tensile properties of oil -quenched and 
tempered 0.40 to 0.50 per cent carbon steel (Sisco, op. cit., p. 224). 
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the effect of mass is less pronounced with high tempering tem- 
peratures than with lower temperatures. 

The endurance ratio of quenched and tempered carbon steels 
is 0.50 ± 0.05 unless the quenching treatment has introduced 
stresses which were not wholly relieved by tempering. When 
such stresses are present the ratio may be as low as 0.30 or 0,40. 
Quenching and tempering usually have a favorable effect on im- 
pact resistance, which, in general, is much higher than that of a 
rolled steel of corresponding composition. Tempering increases 
the impact resistance of a quenched steel: if the Izod value of a 
water-quenched 0.30 per cent carbon steel is 10 ft-lb., it will be 20 
to 25 ft-lb. after tempering at 700® F. (400° C.) and 45 to 65 ft-lb. 
after tempering at 1 100 to 1200° F. (595 to 650® C.). The modu- 
lus of elasticity is, of course, unaffected by thermal treatment. 



Chapter 12 


GRAY CAST IRON AND MALLEABLE CAST IRON 

If iron ore and charcoal are mixed and heated to a dull red 
heat, the iron oxide is reduced to spongy metal which can be 
forged into wrought iron. At this temperature iron is ferritic 
and dissolves very little carbon; the reduced metal, therefore, 
contains less than 0.10 per cent of this element. If, however, iron 
ore and charcoal are mixed and heated to a higher temperature, 
for example 2000 to 2200° F. (1095 1205° C.), the reduced iron 

is in the gamma form and readily dissolves carbon. Carbon 
lowers the melting point of iron. If the reduction is carried 
out at a sufficiently high temperature and if the reduced iron is 
in contact with charcoal for a sufficiently long time, the result 
is molten iron containing 2.5 to 4.5 per cent carbon. 

Because the high temperatures necessary to produce molten 
high-carbon iron from the ore could not be attained readily in 
primitive furnaces, cast iron appeared comparatively late in 
Western civilization. Early in the fourteenth century molten 
iron was accidentally made in a German Hochofen, The design 
of this early blast furnace was such that, given a fortuitous com- 
bination of enough charcoal and blast, molten metal instead of 
the customary chunk of red-hot low-carbon iron appeared at 
the bottom of the furnace. For many years such molten metal 
was considered spoiled or ‘‘burned,'* and when solid it was 
charged into the furnace to be refined again. No one knows 
when this high-carbon iron was found to be useful; it did not 
take man long, however, because, with his characteristic peace- 
on-earth-good-will-toward-men temperament, he was casting it into 
cannon late in the fourteenth century. 

Cast iron is unique in the history of ferrous metals in that it 
was common in China at least 1000 years before it was known 
in Europe. This is remarkable in view of the fact that there was 
considerable trade between China and the West early in the 
Christian Era. Historians have never explained why other Chi- 
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ncse processes and products spread to the West during tlie time 
of the Roman Empire, but cast iron did not. 

The ferrous material known as malleable cast iron is fre- 
cjuently miscalled malleable iron. Strictly s])caking, malleable 
iron is a material, such as wrought or other low-carbon iron, that 
is readily worked, and the term should not be used instead of 
malleable cast iron which describes a material produced by an- 
nealing a special cast iron. The descriptive adjective malleable 
was applied to this variety of cast iron at least a hundred years 
ago because the original brittleness of the high-carbon metal is 
largely eliminated by annealing. Malleable cast iron is much 
more ductile than any other form of cast iron, comparing favor- 
ably with low-carbon steel in properties. Moreover, it combines 
these properties with the cheapness of melting cast iron and 
pouring it directly into a mold. 

Malleable cast iron is much younger than ordinary cast iron. 
A process of annealing hard, white cast iron was first described 
in 1722 by the French physicist Reaumur, but the process now 
used in the United States and to a large extent elsewhere was 
not discovered until 1826, as the result of experiments conducted 
by Seth Boyden in a small foundry in Newark, New Jersey. 

105. Gray, Mottled, and White Cast Iron-Cast iron is an alloy 
of iron and carbon containing about 2.0 to about 4.0 per cent 
carbpn, 0.5 to approximately 3.0 per cent silicon, usually less than 
1,0 per cent manganese, less than 1.0 per cent phosphorus, and 
less than 0.2 per cent sulphur. The iron carbide in these high- 
carbon alloys, while thermodynamically unstable, can under cer- 
tain conditions be all retained as such; in a few cast irons, espe- 
cially if the silicon is very low, all the carbon is present as Fe3C. 
Silicon increases the instability of iron carbide; in most cast 
irons, which contain considerable silicon, some of the iron carbide 
dissociates into iron and carbon (graphite). By regulating the 
silicon content and other variables, such as the size of the section 
and the cooling rate, the amount of dissociation of the carbide 
can be controlled. 

Most cast iron contains two forms of carbon, both of which 
can be varied as desired: combined carbon or cementite (FegC), 
and free carbon or graphite (Fig. 65). Structure and properties, 
which are closely related, depend primarily on the relative 
amounts of these two forms of carbon and on their distribution. 



CAST IRON 


193 

Cast iron containing all or nearly all the carbon in the com- 
bined form has a silvery white fracture and is known as white 
cast iron. Very hard and brittle and practically unmachinable, 
it is important chiefly (1) as an intermediate product in the pro- 
duction of malleable iron castings and (2) when it is produced, 
by regulating the composition and by cooling rapidly, as a thin, 
hard layer on the surface of a softer iron casting. The latter 



Fig. 65— Structure of gray cast iron (A), unetched, showing graphite particles 
and plates and (B), etched, showing graphite (black), ferrite (white), and 

pearl ite; 100 X- 


product is known as chilled iron and is used for rolls, dies, and 
in other applications where high surface hardness and wear 
resistance are important. 

Cast iron in which most of the iron carbide has dissociated 
into iron and graphite is usually soft and readily machinable. 
It has a gray, almost black, fracture and is thus known as gray 
iron. More than 95 per cent of all the iron castings produced 
are of gray iron. Cast iron in which about half of the carbide 
has dissociated into iron and graphite has properties which are 
median between soft gray iron and hard white iron. Owing 
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to the relatively small amount of graphite, the fracture has a 
mottled appearance; the iron, therefore, is known as mottled iron. 
Like white cast iron, this material is hard, brittle, and practically 
unmachinable. White and mottled cast iron are of little indus- 
trial importance and are not discussed further in this book. 

Gray cast iron is considered by most metallurgists as a ternary 
alloy of 92 to 95 per cent iron, 2 to 4 per cent carbon, and 0.5 to 
3.0 per cent silicon with manganese, sulphur, and phosphorus 
also present. As an engineering material it is frequently con- 
sidered as a steel containing 0.10 to 0.90 per cent carbon as iron 
carbide (cementite) plus 1.5 to 3.5 per cent graphite. 

106. General Characteristics of Gray Cast Iron— Gray cast 
iron is a low-cost material which is easily melted and cast, and 
is cheaply machined. These are the primary reasons for its wide 
use. Of the hundreds of engineering applications for gray cast 
iron, some of the most important ones, together with the usual 
compositions, are given in Table 7.^ 

In contrast to steel manufacture in which impure raw mate- 
rials are melted and refined by chemical reactions grouped metal- 
lurgically under the terms oxidation and deoxidation, chemistry 
plays a very minor role in the manufacture of gray-iron castings. 
The desired composition, structure, and properties are obtained 
primarily by selecting the proper raw materials in the right pro- 
portion and melting them. The proportions of pig iron— of 
which several grades differing chiefly in silicon content are avail- 
able-scrap cast iron, and scrap steel used to produce cast iron 
of various compositions are given in Table 7. 

The properties of gray cast iron which determine its suitability 
for engineering uses are the result of controlling four variables: 
(1) chemical composition, (2) rate of cooling from the solidifica- 
tion temperature, (3) special methods of melting, including 
superheating and ladle additions, and (4) heat treatment. 

With the exception of a small tonnage melted on a reverbera- 
tory hearth known as the air furnace, all gray cast iron is, melted 
in a cupola. This is a shaft furnace (Fig. 66) ^ into which the 
metallic materials, plus coke for fuel, and a flux are charged at 
the top; air is blown into the furnace near the bottom. The 

1 Trans. Am. Foundrymen's Assoc., v. 39, 1932, pp. 59-64. 

2B. Stoughton, The Metallurgy of Iron and Steel, McGraw-Hill Book 
Company, Inc., New York, 1934, Chap. 10, Fig. 13. 



CAST IRON 


195 

combustion of the coke supplies the heat to melt the metal which 
collects on the hearth from which it is drained into a ladle and 
then poured into sand or cast-iron molds. The slight chemical 

Table 7. Recommended Analyses of Plain Cast Irons for Common 
Engineering Applications 


Composition, per cent 

Typical charge, 
per cent 

Use 

Total 

C 

1 

Si 

Mn 

P 

5 

Pig 

Cast 

iron 

scrap 

'Steel 1 
scrap 

3-25 

2.25 

0.65 

0.15 

0. lo 

40 

40 

20 

Automobile cylinders 

3*35 

2.25 

0.65 

0.15 

O.IO 

40 

40 

20 

Automobile pistons 

340 

2.60 

0.65 

0.30 

O.fO 

50 

45 

5 

Automobile castings, gen- 
eral 

350 

2.90 

0.65 

0.50 

0.06 

60 

40 


Automobile piston rings — 
individually cast 

340 

2.10 

0.60 

0.50 

O.IO 

35 

55 

10 

Agricultural implements — 
medium sections 

3-50 

2.20 

0-55 

0.70 

O.IO 

40 

60 


Agricultural implements — 
light sections 

325 

2.25 

0.50 

0.50 

0.09 

50 

50 ! 

1 


Machinery — sections not 
over I in. 

3-25 

1-75 

0.50 

0.50 

O.IO 

50 i 

1 

40 

1 

10 

Machinery — 1.5 -in. sec- 
tions 

3.25 

125 

0.50 

0.50 

0.10 

50 

25 1 

25 

Machinery — 2-in. sections 

3*25 

1-25 

0.65 

0.20 

O.IO 

50 

25 1 

25 

Pressure castings — air cyl- 

340 

1.75 

0.80 

0-35 

0.09 

55 

20 

25 1 

111 V J wX 

Gas-engine cylinders — 
light 

Gas-engine cylinders — 

mAri fit m 

3 40 

1.50 

0.80 

0.35 

0.09 

55 

20 

25 

1 

340 

1-25 

0.80 

0.35 

0.09 

55 

20 

25 

HICLIIUaII 

Gas-engine cylinders — 
heavy 

Valves and fittings 

330 

2,00 

0.50 

0.60 

O.IO 

50 

40 

10 

3.50 

1. 15 

0.80 

O.IO 

0.07 

70 

30 


Firepots and kettles 

3-50 

1. 00 

0.90 

0.20 

0.07 

90 


10 

Ingot molds 

3.60 

1. 00 

0*75 

0.20 

0.07 

60 

40 


Pots for caustic soda 

3.60 

i 

1-75 

0.50 

0.80 

0.08 

70 

25 

5 

Light and medium sand- 
cast water pipe 

3*40 

1.40 

0.50 

0.80 

0.08 

60 

25 

15 

Heavy sand-cast water pipe 

340 

1.40 

0.50 

0.80 

0.08 

70 

30 


Soil pipe 

3*35 

0.65 

0.60 

0-35 

0.12 

12.5 

80 

7*5 

Car wheels (0.90 per cent 
combined C) 

3.60 

1.25 

0*55 

0.40 

O.IO 

45 

40 

15 

Chilled plow iron 

3.75 

0.85 

0.50 

0.40 

O.IO 

45 

40 

15 

Plow mold boards 


changes which usually take place during melting are taken into 
consideration in making up the charge. 

In addition to low cost and easy machinability, gray cast iron 
has a number of properties— notably notch insensitivity, high 
damping capacity, and high compressive strength— which make it 
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especially valuable in some applications. In tensile strength, 
ductility, and toughness, however, it is much inferior to steel. In 
addition, the absence of a well-defined yield point and modulus 



Fig. 66— Section through a cupola (Stoughton). 


of elasticity makes it unsuitable for many engineering structures. 
Despite its disadvantages, however, the production of gray-iron 
castings is around 5 or 6 million tons a year in the United States 
alone. 
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107. Structure of Gray Cast Iron— Considering gray cast iron 
as a carbon steel containing graphite, the three primary mctal- 
lographic constituents present at normal temperatures are alpha 
iron (ferrite), iron carbide (cementite), and free carbon (graph- 
ite). The cementite is always associated with ferrite as jjearlilc 
—the same constituent found in carbon steel— and the graphite 
is distributed through the ground mass as irregularly shaped 
plates or flakes of varying sizes (see Fig. 65). The ferrite of gray 
cast iron, unlike the ferrite of low-carbon steel which is relatively 
pure, contains all the silicon and a little of the phosphorus in 
solid solution. 

Of the elements in gray cast iron, carbon has the strongest 
effect on structure and properties. This effect depends on the 
amount of total carbon as well as on the relative amounts of 
combined carbon and of graphite present. This in turn depends 
on the silicon which decreases the stability of the iron carbide, 
thus promoting graphitization. Next in importance is phos- 
phorus, which combines with the iron to form iron phosphide, 
Fe3P. A small amount of this compound dissolves in the ferrite, 
the rest forms a eutectic (Fe— FcaP) with iron. When the 
phosphorus is 0.1 per cent or above, the eutectic (known as 
steadite) is visible as a distinct constituent in the microstructure 
(Fig. 67). The eutectic melts at a temperature of 1750 to 1800° F. 
(955 i^^ch below the melting point of gray cast iron. 

If about 0.5 per cent* phosphorus or more is present, there is 
enough eutectic to make the iron more fluid. High-phosphorus 
iron is, therefore, used for ornamental castings and other thin, 
intricate sections. Owing to die hardness of the phosphide 
eutectic, cast irons containing considerable phosphorus may be 
harder to machine than low-phosphorus material. In the amounts 
usual for American gray cast irons (Table 7) phosphorus has little 
effect on the strength, but it may increase the brittleness. For 
cylinders and various kinds of pressure castings 0.5 per cent is, 
therefore, usually the maximum permitted (Table 7). The effect 
of phosphorus on graphitization is negligible. 

Commercial gray cast iron always contains enough manganese 
to insure that the sulphur is present as manganese sulphide. 
Owing to the notch insensitivity of gray cast iron, more sulphur is 
tolerated than in steel because manganese sulphide inclusions 
are not so likely to be loci of weakness where failure will start 
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under repeated stress. Manganese in excess of the amount 
necessary to combine with the sulphur forms iron-manganese 
carbide. This compound is more stable than iron carbide; hence 
manganese inhibits graphitization. In the amount usually pres- 
ent (less than i per cent) the stabilizing effect of manganese is 
much less important than the strong graphitizing effect of silicon. 



Fig. 67—Phosphide eutectic in gray cast iron (A) 100 X. W 1000 X- The 
eutectic is the irregular shaped light-colored constituent shown in A, At 
high magnification its duplex character is apparent (Kiinkele, Giesserei, 

V, 18, 1931, p. 73). 

108. Relation between Properties and Structure of Gray Cast 
Iron—There is a close relation between properties and structure 
of gray cast iron. The properties are primarily dependent upon 
the characteristics of the “steel" matrix and upon the amount 
and distribution of the graphite. These in turn are dependent 
upon the variables already mentioned, namely, chemical com- 
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position, rate of cooling from the solidification temperature, 
special methods of melting, and heat treatment. In this section 
the effect of chemical composition and cooling rate are dis- 
cussed briefly. 

The amount of iron carbide to be decomposed into iion and 
graphite or to be left undecomposed depends (if the effect of cool- 
ing rate is ignored) upon the amounts of total carbon and silicon. 
For small specimens cast in sand molds the relation between total 
carbon, silicon, and structure is shown in Fig. 68.^ The line HH' 



Fig. 68— The Maurer cast iron diagram. 

is the boundary between cast iron and steel. Cast iron whose 
composition falls within area I solidifies and cools with no dis- 
sociation of the iron carbide into iron and graphite; the structure 
consists of pearlite plus excess cementite; the fracture is white, 
and the iron is hard and brittle. In cast iron whose composition 
falls in area Ila some of the iron carbide dissociates into iron and 
graphite in cooling; the structure consists of pearlite plus excess 
cementite and some graphite; the fracture is mottled, and the 
iron is also hard and brittle. If the composition falls within 
area II, most of the iron carbide dissociates into iron and graph- 
ite; the undissociated cementite is sufficient to form a matrix 
which is almost entirely pearlitic. In irons whose composition 
falls in area Hi? most of the cementite dissociates; such irons have 


3 E. Maurer, Kruppsche Monatshefte, v. 5, 1924, pp. 115-122. 
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a matrix corresponding to a carbon steel containing 0.20 to 0.50 
per cent carbon. In cast irons whose composition falls above 
line AD (area HI) practically all the cementite dissociates; the 
matrix is carbonless, and there is a large amount of graphite 
present. 

Cast irons whose composition falls within areas IJ, and HI 
have a giay fracture and are usually machinable. Some of them 
(area HI) are relatively weak, others (area H) are strong. A 
modification of the Maurer diagram by Coyle'* is shown in Fig. 



Fig. 69— Cast iron diagram showing effect of carbon and silicon on tensile 

strength (Coyle). 

69, in which approximate tensile strengths are plotted against 
composition. This diagram shows that for small specimens cooled 
in sand molds the highest strengths are attained if the total car- 
bon is 2.00 to 3.25 per cent and if the silicon is 1.00 to 2.25 per 
cent. 

109. Effect of Cooling Rate—The relation among properties, 
structure, and composition is affected greatly by varying the rate 
of cooling from the solidification temperature to the gamma- 
alpha transformation temperature. As the mass is increased, 
the cooling rate is decreased, and the dissociation of the iron 
carbide is increased. Thus if a i-in. sand-cast bar has a matrix 
corresponding to a 0.50 per cent carbon steel, the same iron if cast 
as a 6-in. bar in sand will ordinarily have a matrix which corre- 

4 F. B. Coyle, Trans. Am. Soc. Steel Treat., v. is, 1927, pp. 446-465. 
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spends to a 0.10 per cent carbon steel. On the other hand an iron 
of such composition that, when poured into a sand mold it will 
have a matrix of pearlite, will, if poured into a cast iron mold, 
form white iron on the surface next to the cold mold but will be 
pearlitic in the interior of the casting. 

Thus the lines of the Maurer diagram (Fig. 68) are moved 
to the right if the cooling rate is increased, and to the left if the 
cooling rate is decreased. The approximate relation among 
struc ture, cooling rate, and properties is shown in Fig. 70.^ 


350r 


300h 


SfrGngi h increasf ^s 


Hard and britHc 


Greafesf sfrength. Hard to machine 


|200t 


00 I50h 


inn strength. 


Open grain. 
Machines soft 



S fracture 
White iron. Cemenfife and austenite 


Mottled iron. Cementits^graphile; 
and pear fits 


..Best high -test irons 


Fair strength. Easy machining 
and fair finish 


Close gray iron. 6raphife\ 
and pearlite 

Medium gray iron. Graphite, 
pearlite and ferrite 


Open gray iron. Graphite and ferrite 


Fig. 70—Relation ot hardness and strength of gray cast iron to structure 
and section size (American Society for Testing Materials and American 
Foundrymen’s Association). 


It is evident from the foregoing that the relation among the 
composition, cooling rate, structure, and properties of gray cast 
iron is not simple. Another important factor which adds to the 
complexity is the size and form of the graphite flakes, 

no. Effect of Graphite Size and Effect of Heat Treatment 
on Structure and Properties-The strength of slowly cooled 
carbon-steel castings increases as the carbon (cementite) increases. 
The strength of slowly cooled gray cast iron would also increase 

6 American Society for 1 esting Materials and American Foundryraen's 
Association, Symposium on Cast Iron, June 1933, p. 30. 
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as the cementite increases if no graphite were present. Graphite 
destroys the continuity of the grains of the “steer* matrix and 
makes it weak and brittle. As the size of the graphite particles 
increases and as they become more flaky and plate-like, the iron 
becomes progressively weaker and more brittle. This is evident if 
malleable cast iron containing all the carbon as nodules (see 
Fig. 71) is compared with gray cast iron of approximately the 
same composition containing all the carbon as coarse graphite 
flakes. The tensile strength of the former is 50,000 lb. per sq. in., 
of the latter only 20,000 lb. per sq. in. It has been known for 
many years that the tensile strength is greatly influenced by the 
size of the graphite flakes, but only in the past 20 years has it been 
possible to control this and thus produce cast iron which can be 
used economically where considerable strength is required. 
Twenty years ago gray cast iron had an average tensile strength 
of about 25,000 lb. per sq. in., today a tensile strength of 50,000 
lb. per sq. in. is readily attained. 

High-strength cast iron must have a “steel" matrix containing 
considerable pearlite, and the graphite flakes should be small; 
there must, however, be 2.0 to 2.5 per cent graphite present if easy 
machinability is required. The control of the giaphite size is 
accomplished by five methods. The first consists of melting an 
iron of such composition that it would normally solidify with a 
white fracture and then treating it by adding a special graphitizer, 
such as powdered silicon or calcium silicide, just before the cast- 
ings are poured. The second consists of melting an iron which 
would normally solidify with a white fracture, and mixing with 
this a definite amount of a soft gray iron melted in another 
cupola. The third method consists of melting gray cast iron and 
superheating it considerably above the usual casting tempera- 
ture. This decreases the size of the graphite flakes and increases 
the amount of pearlite in the casting. The fourth, used consider- 
ably in Europe, consists of pouring a low-silicon iron into a pre- 
heated mold. The fifth method consists of adding alloying ele- 
ments. To produce high-strength iron by any of these "methods 
the several variables, including the percentages of carbon and 
silicon, must be controlled carefully. 

The structure and properties of gray cast iron can be altered 
by heat treatment. Annealing is commonly used to relieve strains 
introduced during solidification and cooling, and to soften edges, 
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corners, or other parts of a casting which cool so rapidly that un- 
dissociated cementite prevents economical machining. High- 
strength cast iron containing a pearlitic matrix and fine graphite 
is occasionally quenched and tempered, but the increase in ten- 
sile strength is usually not enough to justify the cost or taking 
the chance that the casting may crack in quenching^ 

III. Evaluation of Gray Cast Iron for Engineering Applica- 
tions—The suitability of gray cast iron for engineering structures 
and machines is judged chiefly by tensile, transverse, and com- 
pressive strengths. Hardness, en<lurance limit, wear resistance, 
and other properties may be valuable criteria of its value for 
specific applications. Most metallurgists experienced with cast 
iron consider the transverse test as the best single scjurce of infor- 
mation on the quality of cast iron. 

The transverse test is made by applying a load at the center 
of a cast (unmachined) round bar, supported at each end, until 
fracture occurs. The size of the bar depends upon the size of 
the casting and has been standardized^’ at 0.875, or 2 in. in 
diameter with a span of 12, 18, or 24 in. between supports. The 
load necessary to fracture the bar and the amount of deflection 
at the center at the moment of fracture are noted. In the United 
States transverse strength is reported as the load in pounds; in 
Europe the load is converted by the formula 


MR 


Pic 

4I 


to a value called modulus of rupture. In this formula P is the 
breaking load, / the distance between supports, c the distance 
from the neutral axis of the bar to the extreme fiber, and I the 
moment of inertia. 

The relation of modulus of rupture to tensile strength varies 
with the quality of the iron from 2.5 times the tensile strength for 
low-strength irons to approximately the same as the tensile 
strength for high-strength irons. Transverse strength or modu- 
lus of rupture is of value in design if cast iron is used as a beam 
and especially in pipe subjected to heavy earth loads. 

Gray cast irons are graded by (minimum) tensile strength ^ 
(in thousand lb. per sq. in.) into seven classes; 20, 25, 30, 35, 40, 


^American Society for Testing Materials, Standards, 1936, Spec. A48-36, 
7 See preceding footnote. 
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50, and 60. As discussed in section G7, since the stress-strain 
curves of gray cast iron are curved from the origin, this material 
has no proportional limit nor modulus of elasticity. The secant 
modulus, representing a point on the stress-strain curve of 25 
per cent of the tensile strength, varies between 12 and 20 million 
lb. per sq. in. 

In many engineering applications, for example machine beds, 
columns, pipes used as structural members and various other 
supports, cast iron is used for its strength in compression. This 
is determined by subjecting sand-cast bars 0.75 to 0.80 in. in 
diameter and 1 to 3 in. long to a compressive load until failure 
occurs. The stress-strain curve in compression is also curved 
from the origin. Compressive strength is higher than tensile 
strength: it varies from about 4 times the tensile strength for 
low-strength irons to about 3 times the tensile strength for 
strong irons. 

1 1 2. Properties of Gray Cast Iron— The properties of common 
American gray cast iron are given in Table 8.® Unlike carbon 
steel, which has a fairly uniform ratio of 500 for tensile strength 
to Brineil hardness, the ratio for gray cast iron varies from 70 
to 240. High-strength cast iron has a high ratio and low-strength 
material a low ratio. Size and distribution of the graphite are 
the most important factors in the strength-hardness ratio. The 
values in the lower half of Table 8 were determined by members 
of a subcommittee (XV) of Committee A-3 (A.S.T.M.) and co- 
operators with this committee and represent the range of proper- 
ties obtained on 25 gray cast irons of various commercial analyses. 
The irons contained 2.50 to 3.95 per cent total carbon, 0.50 to 
1.33 per cent carbon as FcgC, and 0.53 to 3.26 per cent silicon. 
All test bars were uniform and were machined before testing. 

The other properties of gray cast iron can be summarized in a 
series of short sentences. Endurance limits are given in Table 8. 
The endurance ratio, determined on highly polished specimens, 
is more erratic than for steel. Values between 0.30 and 0.60 
have been reported. A very important characteristic of gray 
cast iron is the almost negligible effect of surface on the endur- 

8 American Society for Testing Materials, Proc., v. 33, 1933, I, pp. 87 to 
137; Standards 1936, Spec. A48-36; and American Society for Testing Ma- 
terials and American Foundrymen’s Assoc., Symposium on Cast Iron, 1933, 
pp. 55.62. 
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Table 8. Minimum and Average Properties of American Gray 
Gast Iron and Range of Properties Attained on 
25 Commercial Cast Irons 


1 

Class 

No. 

Minimum 
tensile 
strength, 
lb. per 
sq. in. 

Minimum transveisr 
strength, Ih 

Average 

modulus 

of 

rupture, 
lb. per 
sq. in. 

Average 
com- 
pressive 
strength, 
lb. per 
sq. in. 

Secant 
modulus, 
million 
lb. per 
sq. in. 

specimen, 
1 2 -in. 
span 

1.20-in. 
specimen, 
1 8-in. 
span 

2.0-in. 

specimen, 

24-in. 

span 

20 

25 

30 

35 

40 

50 

60 

20.000 

25.000 

30.000 
35 »ooo 

40.000 

50.000 

60.000 

900 

1025 

ii 5 t> 

1275 

1400 

1675 

1925 

1800 

2000 

2200 

2400 

2600 

3000 

3400 

1 

6,000 
6,800 
7,600 
8,300 1 
9,100 
10,300 

1 

42.000 

46.000 

54.000 

60.000 

64.000 

68.000 

70.000 

80.000 

92.000 

108.000 

1 18.000 

120.000 

140.000 

150.000 

14 2 

145 

16.0 

18.0 

19.0 

20.0 

Tensile 
strength, 
lb. per 
sq. in. 

Modulus 

of , 

rupture, 
lb. per 
sq. in. 

Com- 
pressive 
stre7tgth, 
lb. per 
sq. in. 

Shear 
strength, 
lb. per 
sq. in. 

Endurancf 
limit, 
lb. per 
sq. in. 

Secant 
modulus 
million 
lb. per 
sq. in. 

, Brin ell 
hardness 
number 

18.000 
to 

55.000 

33,000 

to 

1 12,000 

65,000 

to 

160,000 

27.000 
to 

61.000 

8,000 

to 

25,000 

10 

to 

23 

120 

to 

270 


■*' 1. 2-in. diameter bar, i 8 -in. span 


ance limit; the same notch which reduces the endurance limit of 
steel as much as 75 per cent reduces the endurance of soft cast 
iron less than 15 per cent. The impact resistance of cast iron is 
low and is usually unimportant. Notched bar tests are mean- 
ingless, and drop tests are frequently erratic. The damping 
capacity of gray cast iron is higher than for any other ferrous 
material. Gray cast iron is readily machinable unless the sur- 
face is chilled; conversely, if the surface is chilled, cast iron is 
very wear resistant and is machined with gieat difficulty. 

1 13. Alloy Cast Irons— Alloy cast irons are gray cast irons to 
which nickel, chromium, molybdenum, copper, and occasionally 
other elements have been added to improve the mechanical prop- 
erties or to produce an iron with some special property such as 
high wear resistance, corrosion resistance, or heat resistance. For 
the latter purpose large amounts of alloying elements are usually 
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used; for a general improvement of properties 0.15 to 3.00 or 
occasionally 4.00 per cent nickel, o.io to 1.75 per cent chromium, 
0.20 to 1.20 per cent molybdenum, or 0.10 to 1.00 per cent cop- 
per, either singly or more commonly in various combinations, arc 
added. The effect of the alloying elements on cast iron is more 
complex, and even more difficult to predict, than in the case of 
steel (discussed in the next chapter), owing to the complicating 
influence of graphite. Suitable compositions have, however, 
been worked out which have resulted in improved strength, hard- 
ness, and wear resistance with no sacrifice in machinability. 

The low alloys are, naturally, considerably more costly on a 
per-pound basis than the unalloyed cast irons but this cost per 
pound is not so important as the cost of the casting when com- 
pletely finished and ready for use in a specific application. The 
use of a low-alloy cast iron frequently permits enough reduction 
in weight or increases the life of a part so much that the overall 
cost is less than the overall cost of a plain cast iron. The primary 
reason for the higher cost per pound is the cost of the alloying 
metals. Some added precautions are necessary in molding, core 
making, melting, and pouring the casting, but these do not usu- 
ally add greatly to the cost. 

The field of alloy cast irons is relatively new, but it is already 
broad. The recent (1939) handbook published by the Ameri- 
can Foundrymen’s Association contains a bibliography of 450 
papers, most of which have been published in the last 10 years. 
Alloy cast iron is used by the automotive industry especially for 
cylinders, crankshafts and camshafts, pistons and rings, brake 
drums, clutch parts and crankcases, and to a lesser extent in 
chemical and oil-refining equipment, for pumps and compressors, 
and by the railroads for compressors, pistons, and steam cylinders. 
It is also used for crushing and grinding machinery and for 
heavy machine tools and dies. 

Most alloy cast irons contain nkkel and chromium in the pro- 
portion of 2 to 3 parts of nickel to 1 part of chromium. Molyb- 
denum and copper are used alone, or with either nickel or chro- 
mium or with both. Small amounts of titanium or vanadium are 
occasionally added to produce small graphite flakes or a small 
grain size in the matrix. The improvement in properties result- 
ing from the addition of alloying elements is attained primarily 
by control of the graphitization, i.e., by altering the number, size, 
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shape, and distribution of the graphite flakes. The general effect 
of the four common alloying metals on the structure, which is 
reflected in the properties, is as follows: (1) Nickel dissolves in 
the iron and decreases the stability of the carbide thus promot- 
ing graphitization; it reduces slightly the size of the graphite 
flakes, reduces the grain size, and strengthens the matrix; most 
important, however, it prevents the formation of hard white 
iron at corners, edges, and in other thin sections, thus increas- 
ing machinability in gray irons which have a pearlitic matrix. 
(2) Chromium stabilizes the cemcntite and prevents graphitiza- 
tion; it reduces slightly the size of the graphite flakes and re- 
fines and strengthens the matrix. (5) Molybdenum has little ef- 
fect on the stability of the iron carbide but reduces the size of 
the graphite flakes and also strengthens the matrix. (4) Copper 
has little effect on the graphite but hardens and strengthens the 
matrix. 

If the carbon in gray cast iron is in its usual range, namely 3.00 
to 3.50 per cent, the strength, as shown in Fig. 69, is increased by 
lowering the silicon. If, however, the silicon is lowered enough 
to produce considerable strengthening, there is danger that hard 
white iron will form in thin sections or at corners or edges that 
cool rapidly. If this occurs, these portions are practically un- 
machinable. As just mentioned, the addition of 2 per cent or 
even less nickel will prevent this. By adding nickel and by ad- 
justing the silicon content the hardness and strength may be 
increased without sacrificing machinability, or the machinability 
may be increased without lowering strength or hardness. 

Chromium , in stabilizing iron carbide, decreases graphitization 
in cooling and thus increases the strength and hardness by in- 
creasing the amount of pearlite and by decreasing the size of the 
graphite flakes. The amount used depends upon the composition 
of the iron, whether nickel is present, and the size of the section; 
enough is added (usually about 0.5 per cent) so that the combined 
carbon will be approximately 0.7 per cent. 

Although molybdenum i s an excellent strengthener, dissolving 
in the ferrite and strengthening it, its most marked effect is in 
reducing the size of the graphite flakes. When added to an iron 
of properly balanced composition, 0.50 to 1.00 per cent molyb- 
denum increases the strength 10 to 50 per cent. Copper is also a 
strengthener of the matrix. Because it has little effect on the size 
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or distribution of the graphite, it is not so commonly used as 
molybdenum. 

By the use of properly balanced compositions machinable alloy 
cast irons with a tensile strength of 60,000 lb. per sq. in. or 
higher are readily made. Although the production and use of 
this material is not at present great enough to warrant more dis- 
cussion in this chapter, applications are expanding rapidly. A 
few high-alloy cast irons are used industrially. The most impor- 
tant of these is an austenitic gray iron containing about 14 per 
cent nickel, 5.5 per cent copper, and 2 to 6 per cent chromium. 
This material is corrosion resistant and is practically free from 
scaling at temperatures up to 1500° F. (815° C.). It is used for 
containers and fittings where resistance to a number of acids and 
alkalis is important and where high temperatures are encountered. 

1 14. Malleable Cast Iron as an Engineering Material— Malle- 
able cast iron is a valuable engineering material and is widely 
used for machinery, railroad equipment and automobiles, agri- 
cultural machinery, pipe fittings, hardware, household appliances, 
and in many other applications. Intricate castings are more 
readily melted and poured with white cast iron than with carbon 
steel and, despite the cost of malleablizing, are cheaper than 
carbon-steel castings. Malleable cast iron compares favorably 
with gray cast iron in machinability and with low-carbon steel in 
properties. The annual production of malleable castings in the 
United States is 700,000 to 1,000,000 tons, of which about 70 per 
cent is used by the railroads and the automotive industry. Each 
modern automobile and truck contains 125 to 150 lb. of malleable 
cast iron. 

To produce malleable castings, cast iron solidifying with a 
white fracture is poured into a sand mold; the hard, brittle cast- 
ing is then annealed (malleablized) to dissociate the cementite. 
Malleable cast iron contains 2.0 to 2.5 per cent carbon, practically 
all of which is graphite (usually called temper carbon), 0.7 to 1.2 
per cent silicon, 0.40 to 0.60 per cent manganese, less than 0.20 
per cent sulphur, and less than 0.10 per cent phosphorus. The 
structure consists of a matrix of ferrite interspersed with nodules 
or “nests’* of graphite (Fig. 71). 

There are two processes of malleablizing. In one, used to a 
considerable extent in Europe, the castings are packed in an oxi- 
dizing material; in the other, used throughout the United States, 
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the packing material is inert. When white cast iron is annealed 
in an oxidizing atmosphere, the carbon is oxidized and eliminated 
and the final structiire consists mostly of ferrite. The castings, 
known as xohitc hearty arc more brittle, with a lower elongation 
and reduction of area, than black heart castings, which arc an- 
nealed in a non-oxidizing atmosphere and which have a structure 
of ferrite and graphite (Fig. 71). 

The malleablizing treatment consists of packing the white- 
iron castings and feiTOUS silicate scale or slag in pots and heating 



Fig. 71— Structure of malleable cast iron: ferrite (white) and graphite nodules 
(black); etched, 500 X- 

slowly to about 1600° F. (870° C.), holding at this temperature 
for 40 to 60 hr., and cooling at 10® F. (5° G.) per hr. to room 
temperature. To produce malleable cast iron with satisfactory 
properties strict attention must be paid to controlling the per- 
centages of total carbon and silicon in the white iron in relation 
to the size of the casting, and to other variables. Long experi- 
ence in this, plus considerable research work in the past 1 5 years, 
has resulted in marked improvement: since 1920 the average ten- 
sile strength has increased from 53,000 lb. per sq. in. to about 
58,000 lb. per sq. in. and the average elongation in 2 in. from 16 
to 23 per cent. 
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115. Engineering Properties of Malleable Cast Iron— White 
cast iron for malleablizing is melted chiefly in an air furnace; 
some, however, is melted in a cupola. The tensile strength and 
elongation (as measured on a test bar) of cupola malleable iron is 
lower than that of air-furnace malleable, but the bursting strength 
of castings is usually considerably higher. Cupola malleable, 
therefore, is widely used for pipe fittings. Most malleable iron is 
purchased under specifications issued by the railroads or by the 
valve- and pipe-fittings industry. Most of these specifications 
give the following as minimum properties: 


Kind of malleable 
iron 

Tensile 
strength, 
lb. per sq. in. 

Yield 
strength, 
lb. per sq. in. 

Elongation 
in 2 in., 
per cent 

Air furnace 

50.000 

40.000 

32.000 

30.000 

10 

Cupola 

5 




Reduction of area is usually about 20 per cent and is seldom 
determined. 

Malleable cast iron is unique among ferrous materials in that 
the elongation increases as the tensile strength increases. This 
is shown by the data for air-furnace malleable given in Table 9.® 
Malleable cast iron, with a notched-bar impact resistance of 7 to 
9 ft-lb., as compared with 1 ft-lb. or less for gray cast iron, is much 
tougher than gray cast iron. The modulus of elasticity is 25,000,- 
000 lb. per sq. in., i.e., slightly lower than that of carbon steel. 
Malleable cast iron has an endurance ratio of about 0.5, i.e., the 
same as carbon steel. It is considerably more sensitive to notches 
than gray cast iron. 


Table 9, Tensile Properties of Air-furnace Malleable Cast Iron 


Tensile strength, 
lb. per sq. in. 

Elongation in 2 in,, 
per cent 

Tensile strength, 
lb. per sq. in. 

Elongation in 2 in,, 
per cent 

51,000 

16.5 

55.000 

19.0 

52,000 

17.0 

56,000 

19.6 

53,000 

17.6 

57,000 

20.3 

54.000 

18.3 

58,000 

21.0 


In malleable iron, as in carbon steel, the tensile strength de- 
creases with increasing size of section; a typical change is from 
®Pfoc. Am, Soc, Test. Mat., v. 31, part II, 1931, p. 317. 
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55.000 lb. per sq. in. for sections 0.25 to 0.50 in. in thickness to 

45.000 lb. per sq. in. for sections of 1.25 to 1.50 in. The yield 
strength, however, is practically unaffected by section size. In 
contrast to steel, in which elongation usually inci eases with mass, 
the elongation of malleable iron decreases; at the center of a 2- 
or 3-in. section, for example, the elongation may be only about 
half what it is at the surface. 

Malleable cast iron has poor wear resistance, but in machinabil- 
ity it ranks about the same as gray cast iron. It is easier to plane, 
drill, or mill than carbon or alloy steels including those contain- 
ing lead or high sulphur. 

Recently, for a few special applications, the graphitizing op- 
eration in the production of black-heart malleable has been 
modified, or alloying elements have been added and a special 
treatment used so that the annealed material contains some 
pearlite. The properties of pearlitic malleable cast iron depend 
upon the amount and distribution of the iron carbide; usually 
this is stronger and less ductile than fully graphitized material 
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LOW-ALLOY STEELS AS ENGINEERING 
MATERIALS 

i!\LLOY steels are about 60 years old. The pioneer investi- 
gations df the effect of the various alloying elements on carbon 
steel were made between 1875 and 1890 in England, Germany, 
France, and, to a lesser extent, the United States. Owing to the 
high price of alloying metals, the only use for these materials on a 
relatively large scale was in armor plate. By 1910, alloying metals 
were much cheaper, and from then on industrial applications 
multiplied rapidly, especially between 1915 and 1920 when there 
was an abnormal demand for high-quality alloy steel for war 
materials. This demand, together with the approximately simul- 
taneous development of the first "stainless” steel, stimulated metal- 
lurgists all over the world to investigate the effect on carbon steel 
of all possible combinations of many alloying elements. The 
result has been alloy steels by the hundreds— steels containing 
one alloying element in addition to carbon, and steels containing 
half a dozen. 

Much of the research work on alloy steels has been of the hit- 
or-miss type or has been carried out to develop a steel which 
would duplicate the properties of a patented composition without 
actual infringement. One result of this frenzied research over the 
past 25 years has been a phenomenal growth of metallurgical 
literature; another has been the development of many unneces- 
sary alloy steels which, with slightly different compositions, dupli- 
cate the characteristics of some of the older and better known 
steels. However, some remarkable developments have resulted 
from this mass of hit-or-miss research, including several new 
steels and special ferrous alloys with splendid properties and of 
much value to industry. It has also shown to engineers that alloy 
steels make possible the design of certain structures that would 
be impossible with unalloyed carbon steels and cast irons. With- 
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out alloy steels the modern airplane, the streamlined railroad 
train, and the modern automobile would never have been de 
veloped to their present efficiency. 

The most characteristic indication o£ the increasing value ol 
alloy steels to the engineering professions is that their production 
has increased at a greater rate than total steel production. The 
output in 1910 was 600,000 tons, or 2 per cent of the total; in 
1939 it was more than 3,000,000 tons, or about 6 per cent of the 
total output of the steel industry. Of this alloy-steel production 
the automotive and aircraft industries now use about 75 per cent. 

The amount of published data on alloy steels and cast irons is 
so large that it is now impossible for a metallurgist to know every- 
thing that is going on in this field; it is even a hard job to keep 
up with developments in a single branch.^ To summarize ade- 
quately in a small book the present status of knowledge of alloy 
steels is a difficult task, and it is, of course, quite impossible to 
give many details of their properties in a chapter or two. Conse- 
quently, the discussion in this and the *ncxt chapter is restricted 
to a brief description of the characteristics of these materials and 
to a concise outline of the metallurgical fundamentals in the 
relation of the common alloying elements to carbon steels. 

1 16. Balanced Compositions in Low-alloy Steels — A workable 
definition of alloy steels and a general classification of these 
materials into low- and high-alloy steels, including common com- 
positions for the low-alloy grades, are given in Chapter 4. Many 
low-alloy steels, especially the S.A.E. grades, are purchased under 
specifications which give desired ranges for the various alloying 
elements and for carbon and manganese, and usually maximum 
percentages for sulphur and phosphorus. Frequently, these speci- 
fications are accompanied by charts of average, typical, or mini- 
mum mechanical properties of the various steels after definite 
heat treatments. Such specifications and properties are the re- 

1 Alloys of Iron Research, founded in 1930 by The Engineering Founda- 
tion of New York, is reviewing this literature and correlating and summariz- 
ing the most important of the world’s research on alloy steels and cast irons. 
Results are published in a series of 14 monographs. The expansion of research 
work is shown by the fact that, whereas it was estimated in 1930 that a book 
of 500 pages would summarize everything important known on nickel as an 
alloying element in steel, by 1940 two volumes containing a total of 1400 
pages were necessary. Information on other alloy steels has expanded in the 
same proportion. 
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suit of long experience and are of unquestioned value to engi- 
neers. In the past few years, however, there has been a trend to 
make use of steels of "'balanced compositions” rather than to at- 
tach too much importance to rigidly specified compositions and 
the necessity of accepting the properties accompanying such 
analyses. 

The effect of the common elements on carbon steel is generally, 
though not always, known with some exactness. But, although 
the effect of any one of them may be known, the effect of two or 
more, when added to the same carbon steel, can rarely be pre- 
dicted from the known behavior of the elements when used singly. 
To paraphrase Gillett,^ if the effect of adding alloy A to carbon 
steel is 3, and the effect of adding alloy B is 2, the sum is not 
necessarily 5; it may be anything from o to 8. In other words, 
the effects of two or more alloying elements on carbon steel may 
be additive, subtractive, or they may intensify or cancel each 
other. Moreover, as carbon is the most important element pres- 
ent, it is necessary also 'to take into consideration whether the 
alloying metal will intensify, diminish, or neutralize the effect 
of carbon. 

Steels of "balanced composition” are those in which the per- 
centages of carbon and alloying elements, and the heat treat- 
ment (if any), are varied to produce a desired combination of 
properties for a particular application. Assume, for example, 
that for a structural application a steel must have a minimum 
yield strength of 50,000 lb. per sq. in. as rolled, must weld readily, 
and must not air harden after welding. A steel containing 0.30 
per cent carbon, 1 per cent of alloy metal and 0.5 per cent of 
alloy metal B has the required strength and welds readily, but it 
air hardens after welding. Because this is not a balanced compo- 
sition for this particular application, the carbon is reduced to 
0.15 per cent, and the amounts of the alloying metals are in- 
creased to 1.5 and 0.75 per cent respectively. The yield strength 
is still well above the required minimum, the materiah still welds 
readily, but by a better balance of the carbon and metals A and B 
the steel does not air harden after welding. It is the job of the 
metallurgist to provide the engineer with properly balanced 
alloy steels for all his requirements, insofar as this is possible 


2 H. W. Giliett, Editorial, Metals and Alloys, vol. 1, 1929, pp. 259, 260. 



LOW-ALLOY STEELS 


*15 

with present-day metallurgical knowledge. A well-known and 
important use for low-alloy steels of balanced composition is in 
ordnance and armor plate. 

The final criterion in the selection of an alloy steel for a specific 
application is economy. Any alloy steel is more costly than plain 
steel of corresponding carbon content and should not be used for 
a structure or a machine just because it contains one or more 
special metals, or because the steel maker says it is better than 
some other steel. It should be used only if considerable weight 
can be saved, or if the design can be materially simplified, and 
only if its total cost— meaning the cost of the steel, of its treat- 
ment (if any), and of fabrication— is less, when spread over the 
expected life, than the total cost of any competing material. 

1 17. General Effects of the Alloying Elements on Carbon 
Steel— The general effects of the common alloying elements on 
the structure and, incidentally, on the properties of carbon steel 
are discussed in Chapters 5 and 6. It is the purpose of the dis- 
cussion in this chapter to expand this and to show how these 
alloying elements are used to produce steels which are more 
satisfactory for certain applications than the unalloyed carbon 
steels. 

Hot-rolled carbon steel is low in cost and has excellent proper- 
ties, and with certain carbon percentages these properties can 
still be improved by heat treatment. Carbon steel also has sev- 
eral disadvantages as an engineering material. An important one 
is the rapid decrease of ductility as the carbon (and the strength) 
increases. Another is that optimum combinations of properties 
in heat-treated material can usually be attained only in small 
sections. A third is that carbon steels, whether hot-rolled or 
heat-treated, suffer marked deterioration of properties when used 
at temperatures considerably below or above normal. Alloying 
elements are added to carbon steels to overcome, partly at least, 
these disadvantages. 

The principal effect of the alloying elements in low-alloy steels 
is to harden and strengthen the ferrite and to increase harden- 
ability by heat treatment. All the common alloying elements 
dissolve in the ferrite and strengthen it to some extent. Five of 
these elements also form carbides (see Table 3) but of these only 
molybdenum, vanadium, and tungsten have a strong carbide- 
forming tendency. Changing the properties of carbon steel 
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materially by the formation of such carbides is important chiefly 
in the high-alloy steels, which are discussed in the next chapter. 

The ferrite-hardening (and strengthening) potency of tl^e ele- 
ments forming solid solutions with iron varies (increasing from 
chromium to phosphorus) as shown in Fig. 72.® None of these, 
with the possible exception of phosphorus, is so potent as carbon. 
In fact, the strengthening effect is small, provided the carbon 
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Fig. 72— Effect of the common alloying elements, when dissolved in iron, 
on its hardness (Bain). 

content and the structure are held constant. This is shown by 
the curves for the furnace-cooled specimens plotted in Fig. 73/ 
If, however, the structure is altered by changing the treatment, 
small amounts of an alloying element may, as shown in Fig. 73, 
have a great effect. 

, T18. Effects of Phosphorus, Manganese, and Silicon— Of the 
alloying elements which dissolve in the ferrite, phosphorus, as just 

* E. C. Bain, Functions of the Alloying Elements in Steel, American Society 
for Metals, Cleveland, 1959, p. 66. 

* Plotted from data by E. C. Wright and P. F. Mumma, Trans, Am, Inst, 
Min, Met. Eng,, v. 105, 1953, pp. 77-87, 
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noted, is the most potent in its strengthening action (Fig. 72). 
The addition of 0.01 per cent increases the tensile and the yield 
strength approximately 1000 lb. per sq. in., i.e., about as much 
as these properties are increased by carbon. This strengthening 



Fig- 78— Effect of carbon, chromium, and cooling rate on the tensile strength 
of carbon steels (Wright and Mumma). 

is, however, attained with less sacrifice of elongation and reduc- 
tion of area than in the case of carbon addition. Another ad- 
vantage is that phosphorus, either alone or more intensely if cop- 
per is present, increases the resistance of the steel to atmospheric 
corrosion. 
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Because phosphorus, under certain conditions, is likely to cause 
brittleness under shock, it is not used as an alloying element in 
those S.A.E. steels which are usually heat treated. When it is 
added to hot-rolled low-alloy structural steels, the carbon should 
be preferably below 0.15 per cent, and a toughening element such 
as chromium or nickel (or both) should also be present. 

Owing to their generally high oxygen content and to the un- 
certain quality of acid Bessemer steels, these materials, which 
contain 0.065 0,120 per cent phosphorus as an impurity, are, at 

present, not used for structural purposes. Nearly all the steels in 
which phosphorus is an alloying element are made by the basic 
open-hearth process. 

Manganese, added to steel in amounts in excess of that neces- 
sary to combine with the sulphur and to deoxidize the metal— 
0.10 to 0.25 per cent for most steels— partly dissolves in the ferrite 
and partly replaces iron in iron carbide (Fe3C) to form a carbide 
which may be represented by (Fe,Mn)3C. If the manganese is 
below 2 per cent, the amount of this carbide formed is small. 
Moreover, this substance is so much like iron carbide that it has 
in itself no appreciable effect on structure and properties. The 
effect of manganese in solid solution is less than that of phos- 
phorus: the amount by which 0.01 per cent manganese increases 
the tensile strength varies with the carbon content from about 
100 10 500 lb. per sq. in.; it increases the yield strength somewhat 
more than this. A yield strength of at least 50,000 lb. per sq. in., 
together with good ductility, can be readily attained in hot-rolled 
structural shapes of 0.20 to 0.30 per cent carbon steel by adding 
1.00 to 1.75 per cent manganese. 

Manganese has a strong effect on the hardenability of carbon 
steel. In steels that are heat treated this is an advantage, as it 
permits the use of less drastic quenching media, which means less 
distortion or cracking. In hot-rolled structural steel increased 
hardenability may be a disadvantage, unless the carbon is very 
low, as air hardening may occur in cooling from the roUing tem- 
perature or after welding, with serious loss of ductility. In gen- 
eral, manganese reduces the ductility of untreated carbon steel, 
but this is not serious if the carbon is low. 

Silicon in the amounts present in low-alloy steels (see p. 60) 
dissolves in the ferrite. Its effect on tensile strength is somewhat 
greater than that of manganese (Fig, 72); it raises the yield 
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Strength and yield ratio and does not appreciably reduce duc- 
tility. Its effect on hardenability is strong but not so strong as 
that of manganese. It has no appreciable effect on corrosion 
resistance when present in small amounts. In other than the low- 
alloy structural steels discussed later in this chapter, silicon is 
used as an alloying element in one important group of spring 
steels which contain about 2 per cent silicon, 0.60 to 0.90 per cent 



Fig. 74— Effect of (A) nickel and (B) chromium on the tensile properties ol 
rolled carbon steels (Bain and Llewellyn). 


manganese, and 0.50 to 0.65 per cent carbon (the S.A.E. 9200 
series) and in certain steels for electric apparatus. 

1 19. Effects of Nickel and Chromium— Nickel dissolves in the 
ferrite of carbon steel and exerts a strengthening effect which is 
somewhat less than that due to phosphorus, silicon, or manganese 
(Fig. 72). The effect of nickel on the tensile properties of a 0.20 
per cent carbon steel is plotted in Fig. 74^4/ which shows that 
nickel does not greatly lower elongation and reduction-of-area 

6 Figures 74^ and 74B are based on data quoted by E. C. Bain and F. T. 
Llewellyn, Trans. Am. Soc. Civil Eng., v. lo*, 1937, p. 1249. 
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values. The toughening effect of nickel is especially evident if 
a carbon steel and a nickel steel arc heat treated to the same 
tensile strength (see p. 83). Nickel also increases the endurance 
ratio and the impact resistance of carbon steels, which is especially 
marked if the steels are heat treated. This toughening effect is 
nickel’s greatest virtue and is the chief reason why this metal is 
used so extensively in the low-alloy steels, especially in the S.A.E. 
grades, which are usually heat treated before use. Of approxi- 
mately 70 low-alloy S.A.E. steels, 40 contain nickel. 

Nickel does not form a carbide. It increases the hardenability 
of carbon steels mildly, being less effective in producing deep 
hardening than silicon, manganese, or chromium. It greatly in- 
creases the resistance of carbon steel to some forms of corrosion, 
especially in combination with copper. 

Chromium dissolves in the ferrite and also forms carbides if the 
carbon is high. As shown by Figs. 72 and 73, its ferrite-strength- 
ening effect when in solid solution is weaker than that of any of 
the common alloying elements, but it increases hardenability 
greatly, and it alters the structure, as shown by the curves for the 
air-cooled specimens in Fig. 73. The effect of chromium on the 
tensile properties of small air-cooled (hot-rolled) sections of a 
0.20 per cent carbon steel is plotted in Fig. 74^8. In such sections, 
the increase in tensile and yield strength and the decrease in 
elongation and reduction of area are much greater than the cor- 
responding effects of nickel. Although chromium is a toughening 
element and increases the impact resistance of very low carbon 
steels, its primary function is to increase hardenability arid to 
decrease the magnitude of the mass effect. For this reason, it is 
a common addition to the S.A.E. nickel steels in the proportion of 
about half as much chromium as nickel (Table 10). 

Chromium is used widely as an alloy in high-carbon steels, in 
which it forms a carbide and also dissolves in the ferrite. When 
these materials are quenched and tempered at a low temperature, 
they are very hard and have good wear resistance. They contain 
about 1.0 per cent carbon and 0.75 to 1.50 per cent chromium 
and are used for tools, dies, and ball bearings. 

120. Effects of the Other Common Alloying Elements— The 
other alloying elements used in low-alloy steels are copper, molyb 
denum, vanadium, and, to a limited extent, tungsten. Copper, 
in the small amounts added to carbon and low-al’oy steels, dis- 
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solves in the ferrite, but its effect on tensile and impact prop- 
erties is small. If more than 0.6 per cent is present, the steels, as 
noted in another chapter, may be precipitation hardened. Cop- 
per is most useful as an alloying element for its effect on atmos- 
pheric corrosion. The addition of 0.10 to 0.40 per cent reduces 
this variety of corrosion so much that a large proportion of low- 
carbon sheets, especially when very thin, and many of the new 
high-strength structural steels now contain copper. 

Molybdenum, vanadium, and tungsten are strong carbide form- 
ers. In the amounts present in low-alloy steels a portion of these 
three elements dissolves in the ferrite and strengthens it moder- 
ately (Fig. 72). Molybdenum and vanadium are valuable chiefly 
for their effect on austenite grain size. Steels containing 0.10 to 
0.25 or 0.30 per cent of either are usually fine-grained and are not 
so readily coarsened by overheating as some of the other low-alloy 
steels. Molybdenum, vanadium, and tungsten all contribute to 
deep hardening, but the effect is not very important. Molyb- 
denum or vanadium is used in a number of low-alloy steels, espe- 
cially the S.A.E. grades, usually together with another alloying 
element such as chromium, nickel, or manganese. The most 
important function of tungsten— and to a lesser extent of molyb- 
denum— is to increase the hardness and stability of alloy steels at 
elevated temperature. For this purpose, relatively large amounts 
are required, usually in conjunction with chromium. This is 
discussed in the next chapter. 

121. Low-alloy Structural Steels as Engineering Materials— 
As noted previously, there are two broad classes of low-alloy 
engineering steels: the structural steels and the S.A.E. steels. The 
structural steels have a higher yield strength than carbon steels. 
They are usually of carefully balanced composition and are used 
for structural purposes without heat treatment other tlian natural 
or controlled cooling after hot rolling. The S.A.E. steels are in 
general much more costly than the low-alloy structural steels and 
should be heat treated to secure optimum properties. In contrast 
to the structural steels, in which the function of the alloying ele- 
ments is primarily to strengthen the ferrite and to produce a fine 
pearlite when the material is air cooled, in the S.A.E. steels the 
alloying elements also affect the response of the steel to thermal 
treatment and, in a few cases, harden it by forming carbides. 

Low-alloy steels of high yield strength are 30 years old. One 
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of the first contained about 0.25 per cent carbon and 1.50 per 
cent manganese and was used between 1900 and 1915 to reduce 
dead loads in long-span bridges and steamship construction in 
the United States and in England. A little later, a deoxidized 
carbon steel, misnamed silicon steel, was developed in the United 
States. This material contained 0.25 to 0.35 per cent carbon, 0.70 
to 1.00 per cent manganese, and 0.20 to 0.40 per cent silicon. The 
yield strength of these two steels, in the hot-rolled condition, was 
45,000 lb. per sq. in. or higher, and a considerable tonnage was 
used for bridges between 1915 and 1928. A steel of similar yield 
strength, containing 0.12 per cent carbon, 1 per cent silicon, and 
0.70 per cent manganese, was developed in Germany in 1925 but, 
owing to its variable quality, it was not used long. This German 
steel is important as it was the first attempt to produce a steel of 
high yield strength, low enough in carbon to be welded readily 
without the troublesome brittleness in and around the weld 
which frequently results from welding a steel containing more 
than 0.20 per cent carbon and 0.75 per cent manganese. 

About 10 years ago, the depression stimulated steel manufac- 
turers to investigate the possibility of producing a low-cost, easily 
weldable, '*tailor-made*' steel which would have properties supe- 
rior to those of ordinary structural steel. The depression also 
focused the attention of engineers upon the desirability of reduc- 
ing cost in certain structures by the use of smaller sections of a 
steel of higher strength, and by welding instead of riveting. The 
result was that the steel makers produced the steels and the engi- 
neers used them for railway rolling stock, street cars, trucks, buses, 
cranes, steam shovels, and similar structures. One of the essential 
factors in this advance was the realization that tensile strength is 
not always the best criterion of the suitability of a steel for certain 
structural uses, and that resistance to buckling or crumpling, 
which is related to yield strength, is very important. 

The low-alloy structural steels have, as rolled, approximately 
twice the yield strength of low-carbon steel, combined with high 
ductility, easy weldability, and a resistance to atmospheric corro- 
sion which is much higher than that of carbon steel. In tonnage 
lots, they cost 15 to 50 per cent more than comparable sections of 
plain carbon steel. Owing primarily to their high yield strength, 
it is possible to reduce the size of a section 25 to 35 per cent and 
still design a structure that has ample stiffness. Despite somewhat 
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higher fabricating and machining costs, it is frequently possible 
to save lo to 15 per cent of the cost of a structure by the use of the 
properly selected low-alloy steel. 

122. Composition and Properties of the Low-alloy Structural 
Steels— The first of the present crop of some 30 of these steels was 
made in 1929 and contained 0.30 per cent or less carbon, 1.05 to 
1.40 per cent manganese, 0.60 to 0.90 per cent silicon, and 0.30 to 
0.60 per cent chromium. Known under the trade name Cromansil, 
this steel attracted considerable attention, and a number of others 
followed it quickly under such trade names as Cor-Ten, Man-Ten^ 
Hi-Steel, Jal-Ten, Konik, Yoloy, and others. 

As a group, the low-alloy structural steels are characterized by 
low carbon (to improve ductility and weldability, and to prevent 
air hardening) and by the presence of at least two, and sometimes 
as many as five, of the following alloying elements: manganese, 
silicon, nickel, copper, chromium, molybdenum, phosphorus, and 
(rarely) vanadium. The percentage of alloying elements is 
usually low. Manganese is 1.70 per cent or less, with an average 
of about 1.25 per cent. Silicon is 1 per cent or less, the usual 
amount being between 0.20 and 0.70 per cent. Nickel varies 
from 0.3 to 2.0 per cent, and copper, owing to its favorable effect 
on resistance to atmospheric corrosion, is usually at least o.io 
per cent and may be as high as 1.50 per cent. Molybdenum, if 
present, is less than 0.40 per cent, and chromium is less than 1.5 
per cent. Phosphorus, if used as an alloying element, is between 
0.05 and 0.20 per cent; commonly it varies from 0.08 to 0.15 per 
cent. 

In all the low-alloy structural steels the composition is balanced 
to ensure for hot-rolled sections a minimum yield strength of 
50,000 lb. per sq. in., a tensile strength of 70,000 to 90,000 lb. per 
sq. in., and an elongation of 15 to 30 per cent in 8 in., depending 
upon composition. The impact resistance of most of these steels 
is satisfactory, usually it is higher than 25 ft-lb. Claims have been 
made that the endurance ratio is higher than for carbon steels, 
but not enough data have accumulated yet to accept this as gen- 
erally true. As a group, the steels have a resistance to atmospheric 
corrosion considerably superior to that of carbon steels. These 
steels are outstanding in the relation of properties to cost. There 
are too many of them now; probably there will be many casualties 
in the next few years, but it seems certain that some will survive 
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and that the survivors will be widely used as structural materials 
where a saving in weight is important. 

123. The S.A.E. Low-alloy Steels-Of the alloying elements 
in low-alloy steels, nickel and chromium were the first used com- 
mercially. Steels containing about 3 per cent nickel were forged 
into armor plate between 1885 and 1890, causing a revolution in 
naval warfare. Chromium was used even earlier: steels contain- 
ing 0.60 per cent were installed as main members of the Eads 
bridge over the Mississippi river at St. Louis in 1874. Extensive 
use of the steels included in the S.A.E. grades (Table 10) began 
about 1910. It has been claimed with considerable justification 
that the availability of these steels at a fairly reasonable cost was 
the chief factor in the development of the automotive and aircraft 
industries, and that without them the weight per horsepower of 
internal-combustion engines would be at least twice, and the 
efficiency less than half, of what it is today. 

The principal classes of S.A.E. steels are given in Table 10.® 
As the series number of these steels is widely used in specifications 


Table 10. Classification of S.A.E. Low-alloy Steels 


S , A . E . 

series 


1300* 

2000 

2100 

2300 

2500 

3100 

3200 

3300 

3400 

4100 

4300 

4600 

4800 

5100 

6100 

9200 


Composition range , per cent 


Manganese 

Nickel 

Chromium 

Molybdenum 

Vanadium 

1.60 to 1.90 
0.30 to 0.60 
0.30 to 0.60 
0.30 to 0.90 
0.30 to 0,60 
0.30 to 0.90 
0.30 to 0.60 
0.30 to 0.60 
0.30 to 0.60 
0.40 to 0.90 
0.40 to 0.80 
0.40 to 0.80 
0.40 to 0.60 
0.30 to 0.90 
0.30 to 0.90 
0.60 to 0.90 

0.40 to 0.60 

1.25 to 1.75 

3.25 to 3.75 
475 to 5.25 

1. 00 to 1.50 
1.50 to 2.00 
3-25 to 3.75 
2.75 to 3.25 

0.45 to 0.75 
0.90 to 1.25 
1.25 to 1.75 
0.60 to 0.95 
0.80 to 1 . 10 

0.15 to 0.25 
0.20 to 0.40 
0.20 to 0.30 
0.20 to 0.30 


1.50 to 2.00 
1.65 to 2.00 
3.25103.75 

0.30 to 0.80 




0.80 to 1. 10 



0.80 to 1. 10 


0.15 min. 


1.80 to 2.20t 





* There are two leries of intermediate manganese steels, T1300, containing lesti than 
0.05 per cent sulphur, and Xx300. the free-machining grade containing 0.075 to 0.15 per cent 
sulphur. See footnote p. 225. 
t Silicon content. 


Handbook, Society of Automotive Engineers, New York, 1940, 

p. 303. 
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and in the literature, its significance is worth a little attention. 
The first digit designates the type— thus, 2 is nickel steel, 3 is nickel- 
chromium steel, 4 is steel containing molybdenum (chromium- 
molybdenum, nickel-molybdenum, or nickel-chromium-molyb- 
denum steel) and so on. The second digit gives the approximate 
amount of the principal alloying element— thus, 20 signifies 0.5 
per cent nickel, 2/ is 1.5 per cent nickel, and the 2500 steels con- 
tain 3.5 per cent nickel. The significance of the other series num- 
bers is apparent from the compositions given in Table 10. The 
last two digits of the series number designate the median carbon 
content— thus, steel 2335 contains 3.5 per cent nickel and 0.30 to 
0.40 per cent carbon, and steel 3325 contains 3.25 to 3.75 per cent 
nickel, 1.25 to 1.75 per cent chromium, and 0.20 to 0.30 per cent 
carbon. There are a few S.A.E. steels which differ from the rest 
of the series in the percentage of one alloying element. Such 
steels are given the prefix X before the series number.^ An ex- 
ample of these steels is X3140 which contains 0.35 to 0.45 per cent 
carbon, 1.00 to 1.50 percent nickel, and 0.60 to 0.90 instead of 0.45 
to 0.75 per cent chromium. The manganese percentages of the 
S.A.E. 2000, 3000, 4000, 5000, and 6000 series vary, depending 
upon the carbon and alloy percentages, from 0.30 to 0.90 per cent. 
All these steels, whether carbon or alloy grades, are killed and 
have a specified silicon content of 0.15 to 0.30 per cent. 

Some of the S.A.E. steels, especially the T1300, 2000, and 2300 
series, are closely allied to some of the low-alloy structural steels 
discussed in the previous sections. Jal-Ten, for example, is T 1 325 
containing a small amount of copper, and Hi-Steel is 2010 with 
1 per cent copper and 0.12 per cent phosphorus. 

124. Properties of the SfA.E. Low-alloy Steels— Composition, 
series number, and recommended heat treatment for all the S.A.E. 
steels are given in the S.A-E. Handbook and in many other readily 
accessible sources and need not be considered here. These steels 
are more expensive than the low-alloy structural steels, and further- 
more, they must be heat treated to be of the gr eatest value. They 

7 In the unalloyed carbon steels, series ixxx, the plain carbon steels are 
loxx, the high -sulphur free-machining steels are iixx, the high -sulphur 
free-machining steels containing 1.00 to 1.60 per cent manganese arc Xi^xx, 
and the intermediate-manganese steels with 1.60 to 1.90 per cent manganese 
and less than 0.05 per cent sulphur are T13XX. See the S*A,E, Handbook 
for details on the modifications of the regular series. 
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are widely used in the construction of automobiles and aircraft— 
especially engines— and for machine tools, particularly for highly 
stressed parts such as crankshafts, camshafts, axle and other shafts, 
gears, bolts, studs, steering knuckles, spindles, collets, valves, and 
numerous others. 


Tempering femperature,cleg.C. 

400 500 600 700 400 500 600 700 



Tempering fempercifure,cleg. F- 


Fig. 75--EffecL of tempering on the tensile properties of oil-quenched 
(A) nickel -chromium (S.A.E. 3140) and (B) nickel-chromium-molybdenum 
(S.A.E. 4340) steels (S.A.E. Handbook). 

With the specifications for composition and heat treatment, the 
S.A.E. Handbook also gives charts of minimum tensile properties 
and hardness of the steels as quenched and as tempered at increas- 
ing temperatures. Fig. 75 is a combination of two such charts. 
The data used for the construction of the S.A.E. charts of proper- 
ties were obtained by dividing steels of the same alloy content 


LOW-ALLOY STEELS 


227 

into two classes—according to the carbon percentage— and detei- 
mining tensile properties. Tensile- and yield-strength values were 
plotted for the steels with the lower carbon, and elongation and 
reduction of area for the steels with the higher carbon. The 
curves such as are shown in Fig. 75 represent, therefore, conserva- 
tive values which can be used safely in design. 

The actual mechanical properties of a low-alloy steel— and a 
carbon steel as well— depend upon a large number of factors and 



Yield strength , Elongation and reduction 

thousand lb. per sq. in. of area, per cent 


Fig. 76— I'ensile properties oC water-quenched and tempered S.A.E. low-allov 
steels containing about 0.30 per cent carbon (Janitzky and Baeyertz). 


may vary considerably if the composition, especially the carbon, 
varies in different parts of a lot of the same steel, or if the grain 
size varies, or if the heat treatment varies slightly owing to irregu- 
larities in heating, or in the furnace temperature, or in tempera- 
ture-measuring equipment. For this reason it is safer to use 
minimum properties rather than average properties in design. 

125. The S.A.E. Low-alioy Steels as Engineering Materials- 
The low-nickel steels, especially 2110, 2115, and 2120, are used 



228 MODERN METALLURGY FOR ENGINEERS 

regularly, in the rolled condition, for engine bolts and boiler 
plate and, to a lesser extent, in bridge and ship construction. 
Depending on the carbon content, the tensile strength is 65,000 
to 90,000 lb. per sq. in., the yield strength is 45,000 to 55,000 lb. 
per sq. in., the elongation in 8 in. is 20 to 30 per cent, and the 
reduction of area is 45 to 70 per cent. 

Most of the S.A.E. steels are used for applications involving 
high stresses, especially in moving parts. When properly heat 


Tensile strength, thousand lb. persg.in. 
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Fig. 77— Tensile properties of oil-quenched and tempered S.A.E. low-alloy 
steels containing about 0.40 to 0.45 per cent carbon (Janitzky and Baeyertz). 

treated, they combine high ductility with high strength.- Com- 
pared with carbon steels of the same tensile strength and hardness, 
heat-treated low-alloy steels have 30 to 40 per cent higher yield 
strength, 10 to 20 per cent higher elongation, and 35 to 40 per 
cent higher reduction of area. The impact resistance of the S.A.E. 
steels is frequently twice that of a carbon steel of the same tensile 
strength. 
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Another important characteristic of the S.A.E. low-alloy steels 
as a class is that they are deeper hardening than carbon steels, 
in other words, the mass effect is smaller. It is easier than with 
carbon steels to harden large sections tliroughoiit. Moreover, 
as the critical cooling rate is much lower, oil quenching can be 
used to attain high strength and hardness with less possibility of 
distortion or the introduction of high internal stresses. 

The selection of a specific S.A.E. alloy steel for a certain appli- 
cation is sometimes difficult owing to the fact that in general the 
incciianical properties the steels, when heat treated to the 
same tensile strength, do not differ greatly. This is shown in 
Figs. 76 and 77 from work reported by Janitzky and Baeyertz.® 
These investigators quenched i-in. round bars of a number of 
, S.A.E. alloy steels in water and in oil and tempered them at vari- 
ous temperatures in accord with S.A.E. recommendations. Yield 
strength, elongation, and reduction of area were plotted against 
tensile strength. For tensile strengths of 200,000 lb. per sq. in. or 
less, there is little difference in the steels. With higher strengths, 
more scatter is apparent in the ductility values. As most alloy 
steels are used in applications where a tensile strength of 200,000 
lb. per scj. in. is sufficient, it is evident that the choice of a steel 
must be based upon cost or upon some factor other than tensile 
properties. 

8E. J. Janitzky and M. Baeyertz, Metals Handbook, American Society foi 
Metals, Cleveland, 1939, pp. 515*518. 
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HIGH-ALLOY STEELS AS ENGINEERING 
MATERIALS 


JhllGH-ALLOY steels are a relatively recent development. 
Except for high-speed steel, austenitic manganese steel, and one 
or two others, most of the development work on these materials 
has been done in the past 20 or 25 years. Although a large 
amount of exploratory work on the alloys of iron with chromium 
and nickel was done in England, France, and Germany during the 
years 1885 to 1900, the remarkable corrosion-resisting properties 
of the iron-chromium alloys containing 11 to 30 per cent chromium 
and of the iron-chromium-nickel alloys containing 1 5 to 25 per cent 
chromium and 6 to 20 per cent nickel were overlooked. The now 
important so-called stainless steels were not discovered until the 
period between 1910 and 1915. 

There are several hundred high-alloy steels which, as noted in 
section 34, can be divided into three general classes: (1) high- 
speed and other high-tungsten, hi|h-chromium die and valve 
steels; (2) corrosion- and heat-resisting steels whose basic alloying 
element is chromium in amounts varying between 10 and 30 per 
cent, either alone or together with nickel or other alloying ele- 
ments, and (3) special steels used in a few specific applications 
where unique magnetic and electric properties, or special expan- 
sion characteristics, or wear resistance, or some other properties 
are important. These steels vary widely in composition and are 
lumped together primarily for convenience. 

High-speed steel contains about 75 per cent iron and 25 per cent 
alloying elements. Since it is used chiefly for tools and dies and 
only to a minor extent for other engineering purposes, it is in- 
cluded in the discussion on tool steels in the next chapter. Most 
of the discussion in this chapter on high-alloy steels as engineering 
materials deals broadly with the corrosion- and heat-resisting 
materials and to a lesser extent with the steels with special 
properties. 
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126. Classes of High-chromium Steels—The high-chromium 
and chromium-alloy steels may be divided into three classes: (1) 
special-purpose steels containing 3.5 to 10 per cent chromium with 
or without 0.5 to 4 per cent silicon, nickel, molybdenum, or tung- 
sten as additional alloying elements; (2) corrosion- and heat- 
resisting steels containing more than 10 per cent chromium and 
not more than 2 per cent of another alloying element; and (3) 
corrosion- and heat-resisting steels containing more than 10 per 
cent chromium and more than 2 per cent of one or more other 
alloying metals. 

Chromium steels containing 3.5 to 10 per cent chromium have 
better corrosion and heat resistance than the S.A.E. low-alloy 
steels containing chromium (see Fig. 80) and have excellent 
properties at elevated temperatures. Steel with about 0.10 per 
cent carbon, 4 to 6 per cent chromium, 0.40 to 0.75 per cent sili- 
con, and about 0.50 per cent molybdenum is used widely in oil- 
refining equipment. Another steel in this class is silchrome, a 
material commonly used for automobile- and airplane-engine 
valves and containing about 0.50 per cent carbon, 7 to 10 per cent 
chromium, and 1.00 to 3.75 per cent silicon. Silchrome is resistant 
to attack by the exhaust gases of internal-combustion engines and 
has satisfactory strength and hardness at a dull red heat. More- 
over, it costs considerably less than the highly alloyed valve ma- 
terials containing nickel, chromium, and silicon. 

The most important high-alloy steels in which chromium is the 
only alloying element in large amounts are those included in 
class 2. These may be divided into four groups: 

2^— Low-carbon, high-chromium steel—usually called stainless 
iron— containing 12 to 18 per cent chromium and less than about 
0.14 per cent carbon. 

2 i 5 — Cutlery steels containing 12 to 16 per cent chromium and 
0.20 to 0.60 per cent carbon. 

2 C— Tool and die steels containing 12 to 18 per cent chromium 
and 0.70 to 2 per cent carbon. 

2D— Heat-resisting steels containing 20 to 30 per cent chro- 
mium, with less than 0.50 per cent carbon for hot-worked mate- 
rial, and with 0.50 to 2.5 per cent carbon for castings. 

Small amounts— generally less than 2 per cent— of nickel or 
other metals are occasionally added to the plain chromium steels. 
With the exception, however, of 0.15 to 0.50 per cent sulphur to 
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improve machinability, the addition of small percentages of a 
second alloying element is not common. 

The pHncipal corrosion- and heal -resisting steel of class 3 is 
the familiar low-carbon 18 per cent chromium, 8 per cent nickel 
alloy known to metallurgists and engineers as 18-8. This is a 
very important high-alloy engineering steel. Despite the cost, 
which varies between 25 and 60 cents a pound, depending upon 
the section and the carbon content, the amount of 18-8 used per 
year has increased from about 20,000 tons in 1929 to 78,000 tons 
in 1939.^ Most of the 18-8 steels contain no other alloying ele- 
ment. A few which must have exceptional stability at elevated 
temperatures contain small percentages of molybdenum, tita- 
nium, or columbium, added to stabilize the carbon and prevent 
intergranular corrosion. This is discussed later. 

127. Constitution of High-chromium Steels—Chromium in 
amounts less than 30 per cent dissolves completely in carbonless 
iron. It has marked effects on. the temperature of the trans- 
formation, where alpha changes to gamma iron or vice versa, 
and on /1 4, where gamma changes to the high-temperature modi- 
fication of alpha (delta) iron or vice versa. These effects are 
important in commercial high-chromium steels and should receive 
some attention. 

A portion of the iron-chromium diagram for alloys containing 
less than 50 per cent chromium is shown in Fig. 78.^ From this 
diagram it is evident that adding 8 per cent chromium to car- 
bonless iron lowers the point slightly and lowers tlie A^ point 
nearly 275® F. (150"^ C.). Further additions of chromium raise 
Aq and at the same time lower A until, with the addition of 
about 12 per cent chromium, these two points merge. The result 
is what is known as the gamma loop and is a characteristic of 
several binary alloy systems of which iron is one component. 

The significance of the gamma loop is plain. If an alloy con- 
taining 10 per cent chromium and 90 per cent iron is heated 
slowly, no change in structure occurs until a temperature of 
1650° F. (900° C.) is reached. Here the alpha solid solution 
changes to gamma solid solution. If heating is continued, the 

1 Iron Age, May 23, 1940, p, 35. 

2 A. B. Kinzel and Walter Crafts, The Alloys of Iron and Chromium, 
Vol. 1, Low-chromium Alloys, McGraw-Hill Book Company, Inc., New York, 
mi* P- 4 S- 



HIGH-ALLOY STEELS 


233 


gamma remains unchanged until a temperature of 2350'' F. 
(1200° C.) is reached, where it changes to alpha (delta) solid solu- 
tion. In slow cooling, the reverse changes take place. If, now, an 
alloy containing 15 per cent chromium and 85 per cent iron is 
heated, no change (except grain growth) takes place between 

Chromium.oi'lomrc per cenf 


0 10 20 30 40 50 



Chromium, per cent 

Fig. 78-~lroii-rich portion of the iron -chromium phase diagram (Kinzcl 

and Crafts). 

room temperature and the melting point, and, conversely, no 
structural change occurs in cooling. Alloys containing more than 
12 per cent (and less than 30 per cent) chromium and very little 
or no carbon have no allotropic transformations. 

The concentration limits of the gamma loop are changed by 
carbon, which moves the extreme limit of the loop to the right 
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and at the same time increases the width of the duplex alpha-plus- 
gamma field. Thus the loop, which with negligible carbon ex- 
tends to 12 per cent chromium, extends to, about i8 per cent chro- 
mium with 0.40 per cent carbon. These relationships are com- 
plicated further by the carbides which are formed by chromium 
and which together with iron carbide (Fe3C) form (Cr,Fe)7C3 
and (Cr,Fe)4C in the commercial high-chromium steels. The 
iron-chromium carbides are partly soluble in the gamma solid 
solution but not in the alpha solid solution and may be retained 
in supersaturated solid solution by quenching, in a manner anal- 
ogous to the retention of iron carbide, Fe3C, in the gamma iron 
of unalloyed high-carbon steel. 

128. Relation of the Constitution of High-chromium Steels 
to Their Heat Treatment— From the foregoing discussion it is 
evident that we should know from the composition whether 
high-chromium steels will or will not respond to heat treatment. 
Thus, a steel containing 12 to 18 per cent chromium and less than 
0.13 per cent carbon (class 2 A, section 126) will or will not harden 
depending upon the relative amounts of chromium and carbon. 
If the steel contains 0.12 per cent carbon and 13 j)er cent chro- 
mium, some austenite is formed if the steel is heated to 1800° F. 
(980° C.), and this transforms to martensite upon quenching. 
If the steel contains 0.06 per cent carbon and 16 per cent chro- 
mium, no phase changes take place, and the steel does not harden 
when quenched from 1800° F. (980® C.). Low-carbon high- 
chromium steels in which no phase changes take place remain 
ferritic in structure at all temperatures. They are relatively soft 
and ductile, and the only change caused by heating is grain 
growth which reduces the ductility. 

Cutlery steels containing 12 to 16 per cent chromium and 0,20 
to 0.60 per cent carbon (class 28^ section 126) undergo a phase 
change: when they are heated to about 1800° F. (980° C.), the 
alpha solid solution changes to gamma and the carbide goes into 
solution. These steels respond to heat treatment very much like 
unalloyed high-carbon steels. In a steel containing 12 per cent 
chromium the structure is entirely pearlitic with only 0.3 per cent 
carbon when the steel is cooled slowly; it is, consequently, mar- 
tensitic when the steel is cooled rapidly (Fig. 79^)- These cutlery 
steels differ from unalloyed steel containing 0.80 to 0.85 per cent 
carbon chiefly in that the chromium lowers the critical cooling 
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rate, i.e., they become as hard when quenched in oil, or even in 
air, as an unalloyed high-carbon steel when quenched in water. 

Since steels containing 12 to 14 per cent chromium and 0.30 to 
0.40 per cent carbon correspond to unalloyed “eutectoid'* steels, 
it follows that high-chromium steels containing about 1 per cent 
carbon (class 2C, section 126) are hypereutectoid and, when 
quenched and tempered, have numerous excess carbide particles 



79~^tructure of (A) oil-quenched cutlery steel containing 0.30 per cent 
carbon and 12.7 per cent chromium, and (/?) oil -quenched high-carbon 
chromium steel containing 0.70 per cent carbon and 17.5 per cent chromium; 
etched, 500 X (Kinzel and Forgeng). 

in the microstructure (Fig. 79^8), which increase the wear resist- 
ance and make the steels useful for tools and dies. 

The heat-resisting steels containing 20 to 30 per cent chromium 
(class 2D, section 126) may or may not respond to heat treatment, 
depending upon the carbon content. The carbon range for this 
class is 0.5 per cent or less for steels which are hot or cold worked, 
and from 0.5 to 2.5 per cent for those which are used in the form 
of castings. At room temperature the steels containing about 
25 per cent chromium and less than 0.70 per cent carbon are fer- 
ritic; their structure consists of alpha solid solution and the car- 
bide (Cr,Fe)4C, and no phase changes take place in heating. These 
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Steels cannot be hardened; they can, of course, be annealed if cold 
worked. 

The higher carbon grades respond to quenching, but this treat- 
ment is seldom used as no advantage results. High-carbon cast- 
ings containing 20 to 30 per cent chromium are very hard as cast 
and must be annealed if machining is necessary. 

The price of ferrochromium (70 per cent chromium) used in 
the manufacture of high-chromium steel varies inversely with the 
carbon percentage. Ferrochromium containing less than 0.5 per 
cent carbon, which must be used to produce high-chromium steels 
with low carbon percentages, is much more costly than ferro- 
chromium containing 4 to 6 per cent carbon. The economic 
factor is, therefore, important in selecting a high-chromium steel 
for a certain application: the advantages resulting from the use of 
a steel containing less than 0.12 per cent carbon, instead of one 
containing 0.40 per cent, must be balanced against the higher 
cost of this material. 

129. Mechanical Properties of High-chromium Steels— As re- 
marked in the previous chapter (section 1 19), chromium has little 
solid-solution effect, i.e., when dissolved in alpha iron, it strength- 
ens the iron relatively little. This is shown by the data in Table 
1 1 ® for annealed steels and in Fig. 73. If the composition is such 
that the steel undergoes a phase change, the principal effect of. 
chromium is to increase the hardenability, thus producing marked 
changes in properties with relatively slow cooling rates (sec 
Fig- 73)- 


Table ii. Effect of Chromium on the Tensile Properties of 
Annealed Steels Containing 0.10 Per Cent Carbon 


Chromium, 
per cent 

7 ensile strength, \ 
lb. per sq. in. 

Yield strength, 
lb. per sq. in. 

Elongation in 

2 in., per cent 

Brinell 

hardness 

0 

50,000 

38,000 

44 


5 

65,000 

26,000 

38 


12 

72,000 

35»ooo 

36 


15-5 

75»500 

42,500 

33 


17 

80,000 

47,000 

30 


27 

84,500 

55»ooo 

26 



The tensile properties of high-chromium steels cooled in air 
or oil depend obviously upon how much carbon is present and 


8 Based on E. E. Thum, Metal Progress, v. 29, 1936, No. 6, pp. 49-57, 104. 
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upon what proportion of the carbides dissolves in the gamma 
solid solution at high temperatures. Some typical values for ten- 
sile properties of low-carbon 12 to 15 per cent chromium steel and 
for cutlery steel arc given in Table 12/ The high-chromium 
steels are more resistant to tempering than carbon and low- 
alloy steels. Increasing the tempering temperature has little 
effect on the properties until a temperature of 950 to 1050° F. 
(510 to 565° C.) is reached when there is a sudden decrease in ten- 
sile strength, yield strength, and hardness and a moderate increase 
in ductility. 

Table 12. Typical Tensile : Properties of High -chromium Steels 


Composition^ 
per cent 

Quenched and 
tempered at 

7 ensile 
strength, 
lb. per 
sq. in. 

Yield 
strength, 
lb. per 
sq. in. 

Elonga- 
tion in 

2 in., 
per cent 

Reduc- 
tion of 
area, 
per cent 

Brinell 

hard- 

ness 

C 

Cr 

0 iV 

C. 

0.09 

12.2 

400 

205 

146,000 

135,000 

15 

38 

290 



600 

315 

145,000 

134,000 

15 

40 

290 



Soo 

425 

143,000 

134,000 

16 

46 

290 



1000 

540 

135.000 

120,000 

20 

52 

250 



1200 

650 

95,000 

79,000 

29 

60 

200 

0.09 

T5.3 

400 

205 

170,000 

160,000 

8 

18 

363 



600 

315 

168,000 

160,000 

10 

20 

363 



800 

425 

166,000 

160,000 

15 

45 

363 



1000 

540 

160,000 

148,000 

18 

46 

363 



1200 

650 

90,000 

83,000 

21 

50 

200 

0.30 

13.0 

600 

315 

240,000 

208,000 

3 

5 

470 



800 

425 

245,000 

210,000 

5 

20 

460 



1000 

540 

250,000 

195,000 

7 

20 

450 



1200 

650 

160,000 

138,000 

12 

38 

325 



1400 

760 

140,000 

105,000 

14 

45 

300 


The impact resistance of the quenched and tempered low- 
carbon and medium-carbon (cutlery) steels is in general satisfac- 
tory, except when the steels are tempered at, or cooled slowly 
through, the temperature range 875 to 1000° F. (470 to 540° C.). 
For reasons yet unknown this treatment causes brittleness, which 
is manifested by very low notched-bar impact resistance. The 
endurance limit of both the hardenable and the unhardenable 
high-chromium steels is about one half of the tensile strength or 
approximately the same as for carbon and low-alloy steels. The 

< Based on data by Giles, The Book of Stainless Steels, American Society 
for Metals, Cleveland, 1935. pp. 267-276; and Parmiter, Trans, Am, Soc, Steel 
Treat,, v. 6 , 1924, pp. 315-340. 
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modulus of elasticity, however, seems to be somewhat higher; 
most available data indicate that it is between 31 and 32 million 
lb. per sq. in. 

130. Corrosion and Oxidation Resistance of High-chromium 
Steels— Although high-chromium steels are more resistant to 
certain kinds of corrosion than any other ferrous material, they 
are not corrosion resistant in the broadest sense of the term. 
Neither are they always stainless. In fact, to some forms of attack, 
they are no more resistant than the unalloyed carbon steels. 

Steels containing 10 per cent or more chromium are resistant to 
oxidizing media and to corrosion caused by fruit juices, food 
products, and beverages. The low-carbon 12 to 18 per cent 
chromium steels are resistant to a large number of organic acids 
and to all concentrations of nitric acid, except 65 per cent boiling 
nitric acid. They are also resistant to strong alkalis and to 
many salt solutions but are readily attacked by chlorides and 
other halides. Sulphuric acid, except when concentrated and 
cold or when containing nitric acid, and hydrochloric acid of all 
concentrations attack these steels readily. 

In general, corrosion resistance is a function of the amount of 
chromium dissolved in the iron, but the relation is not direct. 
Corrosion resistance is not important with low percentages of 
chromium; it becomes more pronounced as the chromium in- 
creases from 4 to 10 per cent and increases very rapidly with 
slightly more than 10 per cent. The corrosion resistance is 
thought to be due to the formation of a thin, tight, adherent 
film of chromium-iron oxide which, if broken, is self-healing 
unless the corrosive agent (as, for example, hydrochloric acid or 
chlorides) dissolves the film as rapidly as it is formed. It is gen- 
erally assumed that in order to produce a self-healing film there 
should be at least one atom of chromium to seven atoms of iron. 
Increasing the chromium from 10 to 30 per cent increases the 
corrosion resistance, but the increase is not proportional to that 
of the chromium. 

Carbides, if not in solution, have a deleterious effect on corro- 
sion resistance. For this reason, the cutlery steels should be heat 
treated if optimum corrosion and stain resistance is desired. The 
alloys containing carbon in excess of that which dissolves in the 
gamma solid solution at high temperatures are not so resistant to 
oxidizing media as the lower carbon steels. 
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The high-chromium steels rust slowly when exposed to the 
atmosphere, but the coating can readily be wiped off, leaving the 
surface underneath unaffected. Steels containing 12 to 14 per 
cent chromium and less than 0.12 per cent carbon are, therefore, 
widely used for automobile trim. In industrial atmospheres, 
especially those containing sulphur, the high-chromium steels may 
pit badly. 

The resistance of the high-chromium steels to oxidation at ele- 
vated temperatures increases with the chromium but, as shown in 



Fig. So—Effect of chromium on the resivStance of chromium steels to oxidation 
at 1830® F. (1000® C.) (MacQuigg). 


Fig. 80, the increase is not important until more than 10 per cent 
chromium is present. With higher chromium percentages the 
increase in oxidation resistance is fairly uniform until about 20 
per cent chromium is present, when the resistance is very high. 
The data shown in Fig. 80 were obtained by heating 0.5-in. 
cubes with ground surfaces for 48 hr. at 1830° F. (1000° C.). With 
the exception of a few iron-nickel-chromium and iron-chromium- 

5 C. E. MacQuigg, The Book of Stainless Steels, American Society for 
Metals, Cleveland, 1935, pp, 351-368. 
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aluminum alloys, steel containing 20 to 35 per cent chromium is 
the most resistant of the ferrous alloys to high-temperature oxida- 
tion. 

131. The Constitution of 18-8— Nickel (as well as chromium) is 
soluble in both alpha and gamma iron. When in solution it (1) 



Nickel, per cent 


Fig. 81— EHect of chromium on phase changes in iron-nickel alloys (Bain 

and Aborn). 

lowers the Ag point, where alpha iron transforms to gamma on 
heating and where gamma transforms to alpha on cooling, and (2) 
makes these allotropic changes, especially the one on cooling, 
very sluggish. A small portion of the iron-nickel phase diagram 
is shown in the upper left corner in Fig. 81.® As noted on a 
previous page (p. 232), chromium restricts the temperature-con- 
centration region where the gamma solid solution is stable, i.e., 

« E. C. Baiin and R. H. Aborn, “The Iron-nickel-chromium System," Metals 
Handbook, American Society for Metals, Cleveland, 1939, pp. 418*428. 
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it produces a gamma loop; nickel, on the contrary, increases the 
limits of this area. 

When chromium is added to the iron-nickel solid solution it 
dissolves. The first effect is a lowering of the delta- (alpha-)- 
gamma transformation temperature and a widening of the field 
where delta (alpha) is stable. This is apparent from the sections 
of Fig. 81 showing phase relations for alloys containing 3 and 6 
per cent chromium. As the chromium is increased, the area of 
the delta (alpha) region is increased further, and with 9 per cent 
or more the low-temperature area where alpha is stable is also 
increased. Increasing the chromium thus moves the boundaries 
of the gamma and the alpha-plus-gamma phase regions to the 
right. 

Consider now the small diagram at the lower left in Fig. 81 for 
18 per cent chromium: if 3 per cent nickel is added and the alloy 
is heated, no phase changes take place at any temperature. If, 
however, 8 per cent nickel is present and the alloy is heated, a 
phase change occurs at about 660° F. (350*^ C.), and some of the 
alpha solid solution changes to gamma solid solution. If the alloy 
is heated still further, this allotropic change continues until at 
1200° F. (650° C.) all the alpha has changed to gamma. There is 
no further change if the heating is continued almost to the melt- 
ing point. Now, if the alloy is cooled, the reverse changes should 
take place, i.e., gamma should start to transform to alpha at 
1 200° F. and should be completely transformed at 660° F. Owing, 
however, to the sluggishness of the reactions, only a small amount 
of alpha is actually formed in slow cooling, and it is relatively easy 
to suppress by rapid cooling the formation of any and thus to 
obtain at room temperature an alloy that is entirely austenitic. 

Austenitic steels are strong and ductile and are readily de- 
formed cold into a variety of useful products. For a combination 
of maximum resistance to corrosion by certain media, austenitic 
structure at room temperature, and other useful properties the 
most economical composition is 18 per cent chromium and 8 per 
cent nickel, with carbon as low as is commercially possible. 
Even with this composition it is advisable to guard against the 
presence of any alpha by heating the material to 1830 to 2010° F. 
(1000 to 1100° C.) and quenching it in water or in an air blast 
Increasing the nickel to 14 per cent increases the stability of the 
austenite but also increases the cost. ^ 
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can be rendered innocuous by adding titanium equivalent to 5 
limes the carbon content, or columbium equivalent to 10 times 
the carbon content, to the steel when it is made. Both of these 
elements combine with the carbon to form a stable carbide and 
prevent the carbon from combining with the chromitim. When 
18-8 is “stabilized” with titanium or columbium it can be used 
at elevated temperatures or can be welded without danger of 
premature failure. 

133. Properties of 18-8— The austenitic chromium-nickel steels 
can readily be cold rolled into sheet or strip or cold drawn into 
wire. They can also be riveted, soldered, or welded. Welding 
is now commonly used for fabricating 18-8. Because of its high 
electric resistivity and low thermal conductivity, spot welding has 
been especially successful. This method of joining is used in the 
construction of the stainless-steel streamlined trains which have 
attracted much attention recently. 

Austenitic chromium-nickel steel has, as quenched, a fairly high 
tensile strength with high ductility and resistance to impact 
(Table 13). It hardens rapidly by cold work (Table 13). The 
increase in tensile and in yield strength is greater and the decrease 
in ductility is considerably less than that caused by comparable 
cold working of low-carbon steel. Carbon increases the strength 
(Table 13). The endurance ratio of quenched 18-8 is 0.40 to 0.45, 
i.e., somewhat lower than the usual ratio for carbon and low- 
alloy steels. Peculiarly, the endurance ratio is usually higher 
than the proportional limit. 

Table 13. Typical Mechanical Properties of Austenitic Chromium- 

nickel Steel 


Composition, 
per cent 

Condition of specimen 

Tensile 
strength, 
lb. per 
sq. in. 

Yield, 
strength, 
lb. per 
sq. in. 

Elonga^ 
tion in 

2 in., 
per cent 

Reduc- 
tion of 
area, 
per cent 

Izod 

impact, 

ft-lb. 

C 

Cr 

Ni 

0.06 

18.0 

8.0 

Water-quenched bars 

90,000 

37,500 

68 

78 

Ill 

0.17 

18.0 

8.0 

Water-quenched bars 

96,500 

40,000 

6S 

75 

103 

0.07 

17.9 

8.S 

Cold-rolled bars, 15% 

X42,700 

1x7,800 

30 

61 

88 

0.07 

17.9 

8-5 

Cold-rolled bars, 40% 

227,600 

201,000 

XI 

43 

17 

0.07 

18.0 

9.5 

Cold-drawn wire, 60% 

263,000 


4 



o.i6 

16.0 

10.2 

Cold-drawn wire, 85% 

273,000 


3 



0.07 

18.0 

8.0 

Water-quenched sheet 

86,400 

33,500 

63 



0.16 

x8.o 

8.0 

Water-quenched sheet 

93.300 

46,600 

57 



0.06 

xS.o 

14-0 

Water-quenched bars 

80,000 


63 

75 


O.X4 

x8.o 

14.0 

Water-quenched bars 

90,000 


S3 

70 


O.X4 

25.0 

20.0 

Water-quenched bgrs 

90,500 

50,000 

47 

63 

90 


The coefficient of expansion of 18-8 is about 50 per cent higher 
than that of carbon steels, and the thermal conductivity at normal 
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temperatures is about 0.04 cal. per sec. per sq. cm. as compared 
with 0.16 cal. per sec. per sq. cm. for low-carbon steel. The 
stress-strain curve of 18-8 is curved from the origin. This steel 
has, therefore, a low proportional limit, no yield point, and no 
true modulus of elasticity. The secant modulus varies from 26 
to 28 million lb. per sq. in. The austenitic chromium-nickel 
steels have exceptionally high resistance to creep. This is dis- 
cussed in a later chapter. 

Nickel increases the resistance of low-carbon 18 per cent chro- 
mium steels to corrosion by nou-oxidizing media, permitting 
these materials to be used economically in environments where 
the high-chromium steels containing no nickel would be attacked 
rapidly. These austenitic steels are resistant to many organic 
acids, organic solvents, and oils which attack the high-chromium 
steels. Their resistance to staining in the atmosphere is also 
higher than that of the plain chromium steels. Their oxidation 
resistance is high, especially at 1650° F. (900® C.), and if the 
chromium and nickel are both increased, they may be used at 
temperatures as high as 2010° F. (1100° C.). The corrosion and 
oxidation resistance and the strength and stability at high 
temperature can be increased by the addition of silicon, tungsten, 
or molybdenum. 

134. High-nickel Steels and Special Iron-nickel Alloys— 
Nickel (see p. 240) dissolves in gamma and in alpha iron and has 
a strong effect on the position of A^, not only lowering it to at- 
mospheric temperature or below but, in addition, slowing greatly 
the rate of the phase change and producing some anomalies in 
properties which are of great value to industry. Alloys of iron 
with 20 to 30 per cent nickel may easily be made non-magnetic 
(despite the fact that both iron and nickel are magnetic). Alloys 
of iron with 30 to 60 per cent nickel have variable and control- 
fable expansion characteristics which were discovered late in the 
19th century in France. The fact that alloys of iron with 45 to 
85 per cent nickel can be treated to produce high magnetic perme- 
ability and low hysteresis loss has led to wide use of some of them 
in telephone, telegraph, and radio equipment. 

As shown in Fig, 84,® the coefficient of expansion between o and 

» Based on data in J. S. Marsh, The Alloys of Iron and Nickel, Vol. 1 , 
Special-purpose Alloys, McGraw-Hill Book Company, Inc., New York, 1938, 

p. 160. 
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200° F. (—18 and 100° C.) decreases to nearly zero as nickel ap- 
proaches 36 per cent. Increasing the nickel from 36 to 60 per cent 
makes it possible to have any desired coefficient of expansion 
between Q and 12 X 10-6. As the result, a number of alloys have 
been developed for use in measuring tapes, watch parts, and parts 
of machines and instruments which must remain constant in di- 
mension despite temperature changes. The use of invar struts 
in aluminum-alloy pistons is well known. Some of the commer- 



Nickel, per cent 

Fig. 84 —Coefficient of expansion of iron-nickel alloys between o and 200® F. 

(Marsh). 

cial alloys with controlled expansion characteristics are given in 
Table 14. 

If chromium and tungsten are added to an alloy containing 
about 32 per cent nickel, the effect of temperature (in the vicinity 
of room temperature) on the modulus of elasticity is zero. This 
alloy is known as elinvar and is used for hairsprings of watches 
and for springs of other precision measuring instruments. The 
invars and other high-nickel alloys have the additional advantage 
that they have excellent corrosion resistance. 

The alloys known as permalloy, hipernik, and perminvar are 
used in applications where their high or constant permeability 
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Table 14. Commercial High-nickel Alloys 


Name 

Composition per cent 

Characteristic’ properties 


Ni 

Co 

Cr 

W 

Al 

Cu 

Invar 

36 




•• 


Low expansion from 0 to 200° F. 

( — 18 to 100° C,) 

Superinvar 

31 

5 



•• 

•• 

Zero expansion near room temper- 
ature 

Elinvar 

32 


5 

2 

. . 


Low thermoelastic coefficient 

Dumet 

42 






For sealing in soft glass 

Kovar 

29 

17 



. . 


For sealing in hard glass 

Platinite 

46 




, . 

Expansion same as platinum 

Permalloy 

78.5 






High permeability at low field 
strengths 

Hipernik 

50 




•• 


High permeability at higher field 
strengths 

Constant permeability over a 
range of flux densities 

Perminvar 

45 

25 





Alnico I 

20 

5 



12 


Permanent magnet of high mag- 
netic hardness 

Alnico II 

17 

12.5 



10 

6 

Same as above 

Alnico III 

25 




12 


Same as above 

Alnico IV 

28 

5 

1 



12 


Same as above 


• Balance of composition is mostly iron. 


produces marked economies or increased efficiencies in communi- 
cation. Because under weak magnetizing forces permalloy has a 
permeability many times greater than that of all other ferrous 
materials except iron of the highest purity, permalloy is a com- 
mercially feasible high-permeability material. The development 
of this alloy has made modern long-distance telephony possible, 
and its use in the loading of submarine cables has speeded up the 
transmission of messages several hundred per cent. Hipernik has 
initial and maximum permeabilities much greater than those of 
commercial grades of high-purity iron and the advantage of rela- 
tively high maximum induction, which makes it valuable for use 
in radio transformers. 

The efficiency of radio loud speakers and other apparatus re- 
quiring powerful permanent magnets has been greatly increased 
by the recent development of the iron-nickel-aluminum-cobalt 
permanent-magnet materials (see Table 14). In addition to 
alnico, two Japanese alloys are noteworthy: the M.K., containing 
25 to 30 per cent nickel, 20 per cent cobalt, and 12 per cent 
aluminum; and the K.S., containing 10 to 25 per cent nickel, 15 
to 36 per cent cobalt, and 8 to 25 per cent'titanium. 




*48 MODERN METALLURGY FOR ENGINEERS 

135. Austenitic Manganese Steel-Of the large number of 
high-alloy steels which have not been discussed in this chapter, 
austenitic manganese steel is of sufficient industrial importance 
to deserve mention. This steel was discovered about 50 years ago 
by Hadfield in England during his pioneer researches on alloys 
of iron with manganese, silicon, nickel, chromium, and other ele- 
ments. The annual tonnage of high-manganese steel used is 
small, but, as is the case with many ferrous materials, production 
is no criterion of its usefulness to industry. High-manganese steel 
contains 1.00 to 1.30 per cent carbon and 11 to 14 per cent man- 
ganese and is made by the basic open-hearth, Bessemer, or elec- 
tric process. It may be poured into ingots and rolled into a 
variety of sections, or it may be cast in sand molds. Owing to 
its work-hardening capacity when cold, it cannot be machined 
readily; hence, if shaping is necessary, it usually must be ground. 
Economically this is a great disadvantage. 

In amounts under 50 per cent, manganese dissolves in alpha 
and gamma iron. Like nickel it lowers the temperatures, 
where alpha transforms to gamma in heating and where the 
reverse change occurs in cooling, and slows the transformation 
rate. As noted in a previous chapter (p. 218), manganese also 
forms a carbide, (Fe,Mn)3C, which is closely allied to Fe3C in 
structure and properties. The phase relations for alloys of iron 
and 13 per cent manganese with o to 1.60 per cent carbon are 
shown in Fig. 85.^° Alloys containing 1.00 to 1.30 per cent carbon 
and 13 per cent manganese, if cooled very slowly so that all phase 
changes take place, contain at room temperature alpha solid 
solution plus excess carbide. In the usual cooling after hot work- 
ing, or in a mold in the case of a casting, these phase changes, 
owing to the low reaction rates, do not take place, and the struc- 
ture consists of the gamma solid solution plus, possibly, a little 
alpha, plus excess carbide as massive particles or as a network 
around the grains. With this structure the steel is hard and brittle. 
If, however, the steel is heated to 1830 to 2010° F. .(1000 to 
1100° C.), the carbide goes into solution in the gamma (see 
Fig. 85), and if the steel is now quenched in water, a structure 
consisting wholly of austenite with no free carbide is obtained. 

10 c. Wells and F. M. Walters, Jr., Trans, Am. Soc. Steel Treat., v. «i, 1933. 
pp. 830-864. 
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Unfortunately, tempering to relieve quenching stresses is impos- 
sible because, as Fig. 85 shows, reheating in the temperature range 
930 to 1 290® F. (500 to 700° C.) or even lower may cause precipi- 
tation of carbide or change of some gamma to alpha and thus may 
cause brittleness. 



Fig* 85— Effect of carbon on the phase relations of an iron-manganese alloy 
containing 13 per cent manganese (Wells and Walters). 

As water quenched, rolled austenitic manganese steel has the 


following properties: 

Tensile strength, lb. per sq. in 130,000 to 160,000 

’ Proportional limit, lb. per sq. in.. . . 40,000 to 60,000 

Elongation in 2 in., per cent 60 to 70 

Reduction of area, per cent 40 to 60 

Brinell hardness 180 to 220 


As is characteristic of austenitic alloys, the high-manganese steels 
have no well-defined yield point and are non-magnetic. 

High-manganese steel is important industrially chiefly because 
of its high abrasion resistance. Although the Brinell hardness 
of the heat-treated steel is low, cold working causes a rapid in- 
rrease to as much as 550 Brinell. As abrasion consists largely of 
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cold working the surface, this capacity for work hardening has 
important ramifications. Thus, in steam-shovel buckets, in 
crushers, grinders, and other machines, and in rails, cross-overs, 
switches, frogs and such sections where pounding, pressure, and 
abrasion by rock and sand are encountered, high-manganese steel 
outwears high-carbon steel by several hundred pei cent. 



Chapter 15 

TOOL AND DIE STEELS 


The group of carbon and alloy steels included under the gen- 
eric term “tool steer' i'^ one of the least important classes of ferrous 
materials in tonnage and is the most important in value to man. 
Without the aid of mo<iern tools, steel in large tonnages could not 
be made or used cheaply, and probably could not be made or 
used at all; without the use of tools, not even the most primitive 
structure or machine could be built or used. Civilization is in- 
conceivable without tools. 

Weak in himself [says Carlyle] and of small stature, man stands 
on a basis ... of some half square foot, insecurely enough; he 
has to straddle out his legs, lest the very wind supplant him. 
Feeblest of bipeds! Three quintals are a crushing load for him; 
the steer of the meadow tosses him aloft like a waste rag. Never- 
theless he can use tools, can devise tools; with these the granite 
mountain melts into light dust before him; he kneads glowing 
iron as if it were soft paste; seas are his smooth highway, winds 
and fire his unvarying steeds. Nowhere do you find him without 
tools; without tools he is nothing; with tools he is all. 

The steady, if slow, advance of civilization over the past ten or 
twelve thousand years has been largely the result of progress in 
the design of tools and in the material from which they are fash- 
ioned: from stone to copper, and then to bronze, and then to iron, 
and then after a long period to carburized iron (steel)— which 
was the most important step of all— and finally to high-speed and 
other alloy-steel tools which made possible great reductions in 
the cost of finished structures and machines. 

A tool, as every one knows, is an implement or a mechanism 
used for working, moving, or changing the shape of material. 
Tool steel is not so easy to define. To the logical layman, tool 
steel should be any steel which is used for a tool; to the metal- 
lurgist, however, and to the engineer using tools, tool steel has a 
more restricted meaning. Metallurgically, tool steel is steel with 
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special characteristics made with great care to ensure what Gill 
calls tool-steel quality.^ There are many cheap tools, including 
hammers, crowbars, axes, and others, which are made of basic 
open-hearth steel of ordinary quality. These are tools, but the 
steel is not tool steel in the metallurgical sense. Gill pertinently 
stated: “A steel rail can be cut apart and forged into a shear 
blade, satisfactory for certain purposes," but rail steel is certainly 
not of tool-steel quality. There is, moreover, an important class 
of steel products, including valves, ball and roller bearings and 
races, magnets, and others, which are not tools, but which are fash- 
ioned of steel of tool-steel quality and which are, therefore, made 
and processed by the tool-steel makers. Steel of tool-steel quality 
is nearly always made in the basic electric furnace. 

136. Classification and Characteristics of Tool Steels— It is 
impossible to classify tool steels by their uses. Many tools, such 
as drills, chisels, taps, dies, cutters, shear blades, and others, may 
be made of unalloyed high-carbon steel, of low-alloy steel, or of 
high-speed steel. According to Gill, at least 95 per cent of all the 
thousand or more brands of tool steel is of 13 general types dis- 
tinguished by chemical composition. These types and their prin- 
cipal characteristics are given in Tables 15 and 16. 

All tools can be divided broadly into two general classes: (1) 
cutting and shearing tools and (2) forming tools. Requirements 
differ and should be considered before the proper steel is selected. 
Thus, for cutting and shearing, high hardness, ability to with- 
stand wear, stability of structure to withstand the heat generated 
by the friction of the cutting edge against the work, and a substan- 
tial amount of toughness to prevent chipping and breakage are 
important. For shearing tools, a lack of deformation or warping 
in heat treatment is usually also important. Forming tools con- 
sist chiefly of dies, which are used to transfer their impression to 
either hot or cold solid metal, or to molten metal. In addition to 
possessing the qualities necessary in a cutting or shearing tool, 
forming tools must be resistant to distortion in heat treatment and 
to cracking caused by sudden changes in temperature during use. 

1 The classification and the general discussion of tool steels in this chapter 
are based largely upon a series of lectures to the American Society for Metals 
(New York Meeting, Oct. 1934) by J. P. Gill, and upon the sections on tool 
steel in the Metals Handbook, American Society for Metals, Cleveland, 1939, 
pp. 987-1029. 



15- Classification of Tool Steels According to Chemical Composition (Gill) 


TOOL AND DIE STEELS 




Q 

S 


ns 

g 

s 




2. o 

rj- 

»o O to o 

<M fOM CO 


20 


0 »o 
0 w 

0 

o 

d d d d 


M 


M M 

o 

o 

©POO 

4-» 4-> 4-> 4-* 


P 

4ii> 


P O 
■M -M 

o 

M 

8 

8 8 8 8 


P 

CO 


88 

0 

d 

d d d d 


d 


O *-1 


8 

Ss ^^8 8 ^ 

»o 

p 

lO 

P 

40 

8& 



p p p w *-* 

r^ 

4 


00 ■4' 


O 

p p p p p 

4.J -M 4_> 4^ 

P 

p 

P 

p p 


o 

w 

o P »0 lO Q 
CO p CO I''* 5 

8 

lO 

<N 

8 

§8 


d 

P P' 0 P P 

CO 



M ^ 






rt . O O Q 
vD . lO lO O 

O • C^VO 

o : o o o 


8 

o^ 

o 


lO 40 40 

400 O 

CO CO CO 

t>.P CO 

p d d 

« w d 

poo 

OOP 

•M 4-> 4-> 

4-» 4J 4-» 

POP 


1-1 M W 

0 

d d d 

M d d 


o o o 

»0 lO 40 


o o o 
o o o 


o too o 

''it' tJ- lO 


O W O M 

o o o o 


O lo o o 

<N| l>.w M 





O 






O 












o 






4-> 






O 






C4 






d 




o o o 

''S' ■'4- 


• O O Q O 
I cOvD ^ 


8 3 



M 0 4-4 

d 

ni 

d 

d 

Cl 4H 

o o 

OOP 

O O 

P 

p 

O 

O O 

4-* 4-» 

4J 4J 4-* 

4>> 4-> 

4-> 

4^ 

4-> 

4J 4-» 

5 v8 n8 

40 P O 
00 40 O 

40 O 
TfC4 

O 

t'-. 

40 

N 

O 

CO 

O 40 
tJ* 40 

j d O 

d d 

d M 

d 

d 

d 

4H O 


‘-S 6 

rt 3 


B 

O (1> 

S 


_8 ^ " 
*£ > p 


1 

^ 

! Ja 

! o . 

bfl 

• i •- - I 

• • a> * ^ 

0 

:J: : 

• c ’.Sf • 

0} 

B 

: u ; STis 

J :"|-S 

. G . <y “ b 

• 

:ja 

:| :•= : 

; a : - : 

• d • 

bO 

c 

• {J, g.2’o.£ 

: ^S-g 1 - 

. is 05 ^ e 

. '«« 

• 3 . 0**. 

l-Vi-ja S, 

. tS Kfi U 


1 wq; boL 

' B <y C.2 


bO}3 cS > 
.*H nj o*?- rs O 


* c :r <u 

2 e 8. 

^ S’c §.S S.S h 

.iT ct 013 ’"’5 O 3.S-P P*'^pC! 112 

suj 5 yjjHti-O H o IE K 


►H W ro »OVO t'^oo O O t-t 


a a 

B I 

1 I 
8 1 
V 'o 
a B 

. n 

_ 9*0 

2 S 9 

o’O * 

2 a o 
•-Bo 

^oa 

11 

a»o o 

fl >*>* 
w « c« 

^5SS 


253 



254 MODERN METALLURGY FOR ENGINEERS 

Table i 6 . Characteristics of Principal Types of Tool Steel (Gill) 


Type 

No. 

Usual 
working 
hardness 
Rockwell C 

Resistance 
to wear 

Toughness 

Distortion 
in heat 
treatment 

Resistance 
to softening 
at elevated 
temperature 

Quenching 

medium 

Depth of 
hardening 

1 

* 

Low 

* 

High 

Low 

Water 

Shallow 

2 

* 

Low 

♦ 

High 

Low 

Water 

Shallow 

3 


Low 

♦ 

High 

Low 

Water 

Medium 

4 

58 to 62 

Low 

Medium 

Low 

Low 

Oil 

Medium 

s 

50 to 57 

Medium 

Medium 

Medium 

Medium 

Water 

. Medium 

6 

62 to 65 

Medium 

Medium 

Low 

Low 

Oil 

Medium 

7 

50 to 55 

Medium 

High 

Low 

Medium 

Oil 

Medium 

8 

63 to 66 

Medium 

Low 

High 

Medium 

Water 

Deep 

9 

45 to SO 

Medium 

Medium 

Low 

Medium 

Air or oil 

Deep 

10 

45 to 55 

Medium 

Medium 

Low 

High 

Air or oil 

Deep 

II 

43 to 50 

Medium 

Medium 

Low 

High 

Air or oil 

Deep 

12 

58 to 66 

High 

Low 

Low 

High 

Air or oil 

Deep 

13 

62 to 66 

High 

Low 

Low 

High 

Air or oil 

Deep 


* Depends upon carbon content and heat treatment. 

Ciill rates the important characteristics of most tool steels in the 
following order: hardness, wear resistance, toughness, distortion 
in heat treatment, resistance to deformation in use, resistance to 
softening at elevated temperatures, machinability, and cost. For 
all but the dieapest manually operated tools (crowbars, hammers, 
axes, etc.) the cost of the steel is of minor importance, as it is fre- 
cjuently only one or two per cent of the cost of machining and 
treating the finished tool. 

The selection of the proper tool steel for a certain machining 
operation is difficult and is a problem in the solution of which the 
advice of the toohsteel metallurgist is very helpful. As Table i6 
indicates, tool steels vary widely in characteristics. To select the 
proper steel means to balance undesirable against desirable prop- 
erties and to take into account not only the cost of the steel and 
the cost of machining but also the cost of the finished tool over its 
expected life. Proper selection also depends upon the design of 
the tool: if the shape is such that the tool is likely to crack if 
quenched in water, a more costly oil-hardening steel rather than a 
cheaper water-hardening steel should be chosen. 

137. Evaluation of Tool Steels-An accurate evaluation of a 
steel that is to be used for a specific tool in a specific machining 
operation is practically impossible, and as a result, large quan- 
tities of tool steel are, and always have been, purchased by brand 
name. A few users of large amounts of tool steel— for example 
some automotive manufacturers— purchase this material under 
specifications which include performance requirements, instead 
of by brand names, but in only a few cases has this proved entirely 
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satisfactory, owing to the large number of variables which must 
be controlled if acceptance tests are to mean anything. 

Even if machining tests are made on a calibrated machine with 
carefully regulated feeds and speeds, the test is meaningless unless 
the design, machining and finishing of the tool, and the heat 
treatment are carefully standardized, and unless the material be- 
ing cut is uniform in structure and hardness. According to Gill, 
'‘even under the best conditions tools made of the same steel will 
oftentimes show a variation of 200 per cent, and when results can 
not be checked any closer than this, it is obviously unfair to com- 
pare tools made of difiere it steels." Gill states that cutting or 
other machining tests may be of some value in comparing differ- 
ent types of steel, but there is considerable question of their use- 
fulness in comparing steels of the same type and of about the same 
composition unless a very large number of tests can be run and a 
statistical analysis can be made of the results. 

The only reliable performance test of a tool steel is to use it 
in actual production and to use enough similar tools of the same 
steel to make the results convincing. Large users of tool steel 
frequently distribute their yearly or half-yearly requirements 
among a number of tool-steel manufacturers and keep accurate 
records of the performance of each brand. At the end of this 
production test the company whose brand makes the best show- 
ing receives 50 per cent or more of the business for the next 
period. 

138. Characteristics of High-carbon Tool Steels— The steels 
of types 1, 2, and 3 of Table 15 are the cheapest and, despite low 
wear resistance, high distortion in hardening, low resistance to 
softening at elevated temperature, and shallow hardening, the 
most widely used of the tool steels. There are four classes, graded 
according to carbon content as follows: 

1— Carbon 0.60 to 0.75 per cent; used for machinery parts, hot- 
forging dies, rivet sets, battering tools, large chisels, and set screws. 

2— -Carbon 0.75 to 0,90 per cent; used for forging dies, boiler- 
makers' tools, hammers, sledges, mining tools, and miscellaneous 
blacksmiths' tools. 

3— Carbon 0.90 to 1.10 per cent; used for drills, saws, cutters, 
taps, small shear blades and dies, anvils, wood- and stone-working 
tools of various kinds, punches, and axes. 

4— Carbon 1.10 to 1.40 per cent; used for small drills, taps and 
lathe tools, files, cutlery and small edge tools, jewelers' tools and 
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dies, 1 11 ass- and copper-working tools, wire-drawing dies, and 
razors. 

As noted in Table 16, hardness and toughness vary with car- 
bon content; they also vary with heat treatment, i.e., witli tem- 
pering temperature. Since high hardness and considerable tough- 
ness are incompatible in an unalloyed high-carbon steel, it is 
necessary to sacrifice part of one or the other depending upon 
the use for which the tool is intended. Thus, for razors, which 
must be very hard and which are not ordinarily subjected to 
shock, a 1.20 per cent carbon steel, treated to give a hardness of 
60 to 65 Rockwell C, is used; but for a hammer or a chisel, which 



Fig. 86 — Structure of water-quenched high-carbon tool steel: small carbide 
particles in martensitic matrix, etched, 500 X« 


must withstand battering, a steel containing 0.70 to 0.90 per cent 
carbon, treated to 50 to 55 Rockwell C, will be chosen. 

Wear resistance, which usually is not so high in carbon steels 
as in some of the alloy steels (see Table 16), is secured by the use 
of a 1.20 to 1.40 per cent carbon steel, heat treated so that there 
will be numerous well-distributed excess carbide particles in a 
martensitic matrix. Such a structure (Fig. 86) is important for 
cutting tools and wire-drawing dies. Under the quenching condi- 
tions necessary to obtain high hardness, high-carbon steels warp 
considerably. In tools of simple section this may be minimized 
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by quenching in special fixtures; for dies and some tools which 
must be finish machined before heat treatment and for which 
stability of dimensions is necessary, special non-deforming alloy 
steels, which harden in oil or air, are used. 

It is emphasized elsewhere (p. 109) that drastically quenched 
high-carbon steel contains internal stresses which are sometimes so 
high that the tool may crack or even go to pieces with explosive 
violence if not immediately tempered to relieve the stresses. Tem- 
pering also reduces the hardness. Fortunately, however, most 
of the stresses can be relieved by low-temperature reheating, as 
shown in Fig. 87.2 The hardness does not decrease materially 



Tempering temperature, deg, F. 


Fig. 87— Effect of tempering on the hardness of water-qucnched high-carbon 
steel {Metals Handbook). 


until the tool is reheated to 300 F. (150° C.) or above. It is 
evident from Fig. 87 that high-carbon steel possesses no stability 
at elevated temperatures. This is not necessary for wood working 
or for machining very soft metals at low speeds, but when using 
high speeds and heavy cuts, especially on cast iron and steel, when 
the point of the tool may be heated to 700"^ F. (370® C.) or above, 
a high-speed steel must be employed. 

139. Hardenability of High-carbon Tool Steel— As discussed 
in a previous chapter (Chapter 6), high-carbon steels, even though 
of practically the same composition, differ in their response to 
quenching (haidenability). If the steel has an inherent tendency 
to become coarse-grained when heated considerably above the 
transformation temperature, it hardens relatively deeply and uni- 
formly when quenched but is likely to crack. If it is fine-grained 

^Metals Handbook, American Society for Metals, Cleveland, 1939, p. 99s. 
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after sucii tieatnient, it is shallow hardening and nia) have soft 
spots on the surface, but it is not so likely to crack in quenching. 
Unalloyed high-carbon steels are all shallow hardening compared 
with tool steels containing (onsidcrable tungsten or chromium 
(Nos. 8 to 13, Table 15), but the hardenability can be controlled 
to some extent by controlling the grain-growth tendency during 
manufacture. The dilference in hardenability between two lots 
of high-('arbon steels of identical chemical composition is shown 
in Fig. 88." Bat s, -y^ in. in diamelcT, were cjnenched in brine from 
lltc tc'm])eratures noted and were not tempered. The fractures of 


1450'' F. 1500° F. 1550° F. 1600° F 



Fig. 88—Fracture of c]ucnclicd and untempered high-carbon tooAteel. Top, 
fine-grained, shallow hardening; bottom, coarse-grained, deep hardening; 

(Gill). 


the “fine-grained” bars are shown at the top, and those of the 
“coarse-grained” bars at the bottom. The coarser grain and the 
greater depth of hardening for the latter are clearly evident. 

Unalloyed high-carbon steels are apt to be erratic in their 
response to heat treatment. Even steels of the same composition, 
made by the same manufacturer, may differ in their tendency 
toward grain growth and in depth of hardening. Adding a small 
amount of vanadium to these steels (type 2, Table 15) produces a 
shallow-hardening material. Adding a small amount of chromium 
(type 3, Table 15) increases the depth of hardening and prevents 
soft spots. Thus, types 2 and 3 are modifications of type 1, made 
to control grain-growth tendencies and to render the response to 
heat treatment more certain. 


3 J. P. Gill. loc. dt. 
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140. The Manganese Tool and Die Steels— Advantage is taken 
of the effect of manganese when dissolved in alpha iron (ferrite) 
of decreasing the critical cooling rate and of increasing deep 
hardening to produce a valuable class of oil-hardening “‘non- 
deforming’' tool and die steels (No. 4, Tables 15 and 16). These 
steels are moderately priced and are used when the design of the 
tool or die is such that distortion or cracking is likely to occur in 
water quenching. There are four steels in this group, containing 
0.85 to 1.00 per cent carbon. As shown in Table 15, if the man- 
ganese is 1.50 to 1.75 per cent, the steel usually contains no other 
alloying element although the addition of 0.10 to 0.25 per cent 
vanadium to reduce grain growth is optional. To reduce the 
tendency toward grain growth and the possibility of cracking in 
cjuenching, and to avoid the use of expensive vanadium, the man- 
ganese ma) be lowered to 1.20 to 1.40 per cent, and about 0.5 
per cent chromium plus 0.5 per cent tungsten may be added; or 
the manganese may be reduced to 1.00 per cent, and 0.75 per cent 
chromium may be added. These modified steels are not so likely 
to crack in quenching as the higher manganese steels, but, on the 
other hand, they do not become so hard. The steels of type 4 are 
quenched in oil from J400 to 1500° F. (765 to 815° C.) and are 
tempered at 325 to 500° F. (iGo to 260° C.). They are used as 
stamping dies, thread-rolling dies, dies for molding plastics, 
punches, broaches, blanking dies, and especially as master tools 
and gages. 

As noted in Chapter 13, silicon-manganese steel (S.A.E. 9255 
and 9260) containing 0.50 to 0.70 per cent carbon, 1.80 to 2.20 
per cent silicon, and 0.60 to 0.90 per cent manganese is widely 
used for springs. Recently it has become popular as a tool steel, 
especially for punches, chisels, and shear blades, owing to its low 
cost and its fairly high wear resistance and toughness (steel 5, 
Table 16). Strictly speaking, silicon-manganese steel is a mis- 
nomer, as the amount of manganese is not greater than that pres- 
ent in many of the S.A.E. carbon and low-alloy steels. Since 
there is not enough manganese in the steel to affect the critical 
cooling rate materially, water quenching is imperative. Distor- 
tion in quenching is less than for plain high-carbon steels (Table 
16), and wear resistance is higher. The steel hardens more deeply 
than high-carbon steel and is tougher. To increase deep harden- 
ing, 0.20 to 0.40 per cent chromium or 0.40 to 0.60 per cent molyb- 
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denum is occasionally added. Steels of type 5 are usually quenched 
in water from 1575 to 1625® tempered 

at 350 to 600® F. (175 to 315® C). 

141. Functions of Tungsten, Molybdenum, and Chromium 
in Tool and Die Steels—Tungsten, molybdenum, and chromium 
in the amounts found in tool and die steels (see Table 15) partly 
dissolve in gamma iron— and remain in solution when the gamma 
changes to alpha— and partly form hard and stable carbides. All 


Distance from surfoce,in. 



Fig. 89— Effect of 1.20 per cent chromium or tungsten on the deep hardening 
of 1.00 to 1.20 per cent carbon tool steels (Rapatz and Pollack). 

three of these metals, when dissolved in gamma iron, decrease the 
reaction rate and make the steel deep hardening. This is shown 
by Fig. 89, based on work by Rapatz and Pollack,* for steels con- 
taining 1 to 1.20 per cent carbon and 1.20 per cent of chromium 
or tungsten. Larger amounts of dissolved chromium and tung- 
sten have, of course, a more pronounced deep-hardening effect. 

The carbides formed by these three metals dissolve to some 
extent (depending upon the amount of carbon and the tempera- 
ture) in gamma iron and can be retained in supersaturated solu- 
tion by quenching. This increases hardness and wear resistance. 

* Stahl u, Eisen, v. 44, 1924, pp. 1698-1703. 
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In addition, the carbides in excess of those dissolved, if favorably 
distributed, increase wear resistance greatly, especially resistance 
to abrasion. 

Tungsten, molybdenum, and chromium increase the resistance 
to tempering. This is shown by Fig. 90 ® for steel with 0.35 per 
cent carbon and increasing chromium, by Fig. 91 ® for steel with 
0.35 per cent carbon and increasing molybdenum, and by Fig. 92 ^ 
for high-speed steel containing 0.70 per cent carbon, 18 per cent 


TitrtuiorinQ ttmpcrature, deo.C. 

zoo 30a 400 500 600 700 



Fig. go—Effect of chromium on the resistance of 0.35 per cent carbon steel 
to tempering (Bain). 

tungsten, 4 per cent chromium, and 1 per cent vanadium. The 
increase in hardness of these steels when tempered between 900 
and 1100° F. (480 and 595° C.) is due to the transformation to 
martensite of some austenite retained by the quenching treatment. 

142, Low-chromium and Low-tungsten Tool and Die Steels 
—The low-chromium and low-tungsten tool and die steels (Nos. 
6 to 9) are fairly or very deep hardening and, with the exception of 
No. 8, can be hardened with little distortion. They have higher 

E. C, Bain, Functions of the Alloying Elements in Steely American Society 
for Metals, Cleveland, 1939. 

B £. C. Bain, loc. cit. 

7 J. V. Emmons, Trans, Am, Soc, Steel Treat,, v. 19, 193a, pp. 289*338. 
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resistance to wear than unalloyed high-carbon steels and, with the 
exception of No. 8, are tougher. As Table 16 indicates, they arc 

Tempering temperature, deg C 

700 300 400 500 600 700 



Fig. 91— Effect of molybdenum on the resistance of 0.35 per cent carbon steel 
to tempering (Bain). 
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Fig. 9«~*Effect of tempering on the hardness of high-speed steel (Emmons). 


not suitable for use at elevated temperatures as their resistance to 
softening is not high. They are, however, valuable tool steels, 
especially for finishing cuts. 
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Steels of type 6 (Table 15) are used chiefly as cutting tools— 
laps, reamers, broaches, and the like— for smooth finishing at slow 
speeds and feeds, especially of non-ferrous alloys. They are not 
resistant to tempering and thus cannot be used if the point of the 
tool becomes hotter than 300° F. (150° C.). 

Steels of class 7, of low carbon content which is responsible for 
relatively high toughness, are used for chisels, punches, shear 
blades, and battering tools and occasionally for dies which can be 
water quenched. These steels do not have high resistance to 
tempering. According to Gill, chisels of steel No. 7 have three 
times the life of unallo}ed chisel steel. 

Steels of class 8 (Table 15) are widely used for fast finishing. 
As noted in Table 16, they become very hard when c|uenched in 
water but soften readily when heated. There are four steels in 
this group which are used for smooth finishing cuts and, at slow 
speeds, to machine hard materials. Owing to difficulties in heat 
treatment, these steels have been replaced for many purposes by 
steel No. 6 which is oil quenched but which is not so deep 
hardening. 

There are four steels in group 9. These are used as dies that 
do not become heated above 600° F. (315° C.), for example, as 
hot-heading dies for bolts and rivets. They change little in dimen- 
sions when quenched and are deep hardening. Their toughness 
is satisfactory. 

143. High-chromium and High-tungsten Tool and Die Steels 
—Steels of types lo, 11, and 12 are highly alloyed and are used 
primarily for dies operating at or exposed to fairly high tempera- 
tures. Seven steels are included in group 10 (Table 15), varying 
in tungsten and to a lesser extent in chromium. They are re- 
sistant to tempering and retain their hardness at temperatures as 
high as iiob^F. (595° C.). This is to be expected as some of 
them approach high-speed steel in composition and in many char- 
acteristics. Steels of group 10 are used as forging dies, as shears 
and punches for hot working metals, and to some extent as dies for 
die casting aluminum, brass, and bronze in permanent molds. 

Steels of group 1 1 are resistant to temperatures as high as 800 
to 900® F. (425 to 480° C.). The steels in this group, three of 
which contain also 0.80 to 1.00 per cent silicon, have good heat 
resistance and are used as dies for die casting aluminum alloys 
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and in many types of forging dies, especially for hot working and 
where severe shock may be encountered. 

There are nine varieties of the high«carbon, high-chromium die 
steel (No. 12, Table 15), four of which, with 2.10 to 2.45 per cent 
cat bon, are oil hardening, and five of which, with 1.40 to 1.75 per 
cent carbon, are air hardening. Four of the oil-hardening steelr 
contain 0.50 to 1.00 per cent molybdenum. The structure of the 
high-chromium die steels as forged and as quenched and tem- 



Fig- 9S—Structure of high-chromium die steels (A) forged and annealed, 
750 X; and (B) oil quenched and tempered at 400® F. («oo® C.), 500X; 
etched (Kinzel and Forgeng). 


pered is shown in Fig, 93. Although, after annealing, the Brinell 
hardness of these steels is 200 to 230, they are difficult to machine. 
Steels of type 12 harden deeply with little distortion and do not 
soften appreciably when tempered below about 900® F. (480® C.). 
Yheir wear resistance is high. Despite high cost and difficulty of 
machining, these steels are among the best as dies for forming and 
trimming, blanking, thread rolling, and wire drawing, as shear 
blades, bushings, and rolls, and as small machine parts where 
resistance to abrasive wear is important. They are seldom used 
as cutting tools. 
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144. Composition of High-speed Steel— In 1868 Robert 
Mushet of England, while heat treating and testing some tool 
steels, discovered that one of them, containing about 2.2 per cent 
carbon, 2 per cent manganese, and 5 per cent tungsten, became 
very hard when cooled in air from a high temperature. Very soon 
thereafter this ‘‘self-hardening’* steel was used widely for cutting 
tools. About 15 years later, it was found that the tool would cut 
better if chromium was added and the amount of manganese was 
reduced. By 1900, a large number of self-hardening steels were 
in use. Despite the fact that some of these contained as much as 
12 per cent tungsten and 3 per cent chromium, and despite the 
fact that they were much better tools than the unalloyed high- 
carbon steels, they could not be used at the high speeds common 
today. 

Engineers owe a large debt to two Americans, F. W. Taylor and 
Maunsel White, who, while working at Bethlehem Steel Company 
in October 1898, discovered the “weird and novel” heat treatment 
which gives high tungsten-chromium steel its property of red hard- 
ness. Taylor and White found that a steel containing 1.14 per 
cent carbon, 0.18 per cent manganese, 7.72 per cent tungsten, and 
1.83 per cent chromium performed poorly in rapid machining 
when heat treated in the usual way. After considerable investi- 
gation the present-day treatment was developed. This consists 
of heating the tool slowly to 1500° F. (815° C.), then rapidly to a 
temperature slightly below the melting temperature— with mod- 
ern high-speed steels this is 2200 to 2350® F. (1205 to 1285® C.), 
which would ruin carbon or low-alloy steel— and cooling it rap- 
idly in oil or, sometimes, in air. The tool is then tempered 
immediately by reheating to 1000 to 1150° F. (540 to 620° C.). 
When heat treated in this way, high-speed steel machines at high 
speeds and with such heavy cuts that the point of the tool be- 
comes red hot, without losing any hardness. 

The general composition range of high-speed steel is given in 
Table 15 (type 13). High-speed steel compositions have under* 
gone a slow evolution until, according to Gill, at the present time 
five principal compositions are used. These are shown in 
Table 17. 

There are super-high-speed steels which are usually the 18-4-1 
steel containing also 3.50 to 13 per cent cobalt. More than 85 
per cent of the high-speed steel used is of the 18 tungsten, 4 chro- 
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mium, 1 vanadium type. The carbon is 0.67 to 0.73 per cent, 
silicon is usually below 0.30 per cent, and manganese, which 
makes the steel sensitive to grain growth, is less than 0.35 per cent. 

Table 17. Composition of High-speed .Steels 


Type 

Composition, per cent 

C 

w 

cv 

V 

Mo 

i8-4~i 

20-4-1 

14-4-2 

18-4-1 Mo 
Molybdenum 

0.55 to 0.75 
0.55 to 0.75 
0.55 to 0.75 
0.65 to 0.85 
■ 0-55 to 0.75 

17.00 to 19.00 

19.00 to 21.00 

13.00 to 15.00 

17.00 to 19.00 
2.00 to 4.00 

3.50104.50 
3.75 to 4.50 

3.50 to 4.50 

3.50 to 4.50 

3.50104.50 

0.75 to 1.25 
0.75 to 1.25 
1.75 to 2.25 
1.75 to 2.25 
0.75 to 1. 25 

0.40 to 0.90 
6.00 to 9.00 


145. Structure and Properties of High-speed Steel— Althougli 
considerable work has been done on the constitution of iron- 
tungsten-carbon alloys, little is known about the effect of 4 per 
cent chromium and 1 or 2 per cent vanadium on these alloys. 
Studies of microstructure indicate that high-speed steel when an- 
nealed consists of a relatively soft (probably ferritic) matrix and 
a laige number of particles of a complex carbide. When the steel 
is heated to a high temperature, the matrix changes to austenite 
and some of the carbides go into solution. To produce red hard- 
ness and satisfactory cutting performance the temperature to 
which the steel is heated must be as high as possible without caus- 
ing incipient melting. When the steel is quenched from this tem- 
perature, a structure such as is shown in Fig. g^A ® results. It is 
thought that the polygonal grains of the matrix are composed of 
austenite plus uniempered martensite. Tempering at 1050° F. 
(565° C.) probably changes the retained austenite to martensite 
and tempers the martensite slightly so that it etches rapidly (Fig. 
94B).® The secondary hardening upon tempering is shown in 
Fig. 92. 

The cause of red hardness, the most important property of 
high-speed steel, has not yet been explained satisfactorily. It is 
usually considered to be related to the high stability of the com- 
plex carbide particles and to the fact that the most favorable size 

8J. L. Gregg, The Alloys of Iron and Tungsten, McGraw-Hill Book Com- 
pany, Inc., New York, 1934, p. 294. 

»J. L. Gregg, loc. cit., p. 295. 
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of the particles for stability of structure is not altered i)y tem- 
peratures as high as i ioo° F. (595° C.). 

High-speed steel is hard, strong, and brittle at room tempera- 
ture and retains it hardness and strength at temperatures up to 
1100 to 1200° F. (595 to 650° C.). Although there is a relation 
between elevated-temperature properties and (utting performaiue, 
the latter cannot be correlated accurately with the former. In 
general, tensile properties arc not important. 
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Fig. 94~Structure of high-speed steel (A) quenched and ( 5 ) quenched and 
tempered; etched, 750 x (Gregg). 


The cutting performance of high-speed steel, which is from 
three to fifty times that of unalloyed high-carbon steel of the same 
hardness, is largely dependent upon the heat treatment. The opti- 
mum quenching temperature depends upon composition, and a 
variation of ±50® F. (±30° C.) from the optimum will affect the 
performance of the tool. In general, cutting performance in- 
creases with tungsten up to about 22 per cent of this element. 
Vanadium is necessary for satisfactory performance, and approxi- 
mately 1 per cent or more is always present. Chromium is held 
constant at about 4 per cent. For some applications, performance 
is improved enough by the addition of 3 to 13 p^f cent cobalt to 
warrant the additional cost of this expensive alloying element. 
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The most recent development in high-speed steels is the substi- 
tution of molybdenum for most of the tungsten (see Table 17). 
This was pioneered by Richie^® at Watertown Arsenal and by 
Emmons/^ who developed the steels commercially. Molybdenum 
has three advantages in high-speed steel: (1) since it is twice as 
effective as tungsten in producing red hardness, only 6 to 9 per 
cent is necessary, as Table 17 shows; (2) it is cheaper pound for 
pound than tungsten; and (3) it is not a strategic material as 
ample supplies of domestic ores are available. Molybdenum high* 
speed steel has, however, certain disadvantages which have re- 
tarded general adoption. It is more difficult to make and forge, 
and it is hard to heat treat. It is subject to grain growth at high 
temperatures and, most important, it seems to be definitely in- 
ferior to the standard 18-4-1 in some machining operations. 

The testing of high-speed steel is subject to the limitations 
outlined for high-carbon tool steel in section 137. Hundreds of 
cutting tests have been made in an effort to compare steels of 
approximately the same composition but of different brands, or to 
compare steels of different compositions. In general, these tests 
have shown that slight variations in test conditions have more 
effect on results than differences in brands or even in steels. They 
have also shown that there is no simple nor universal test for 
evaluating the cutting performance, and tliat steels which fall into 
one order of merit in lathe tests with heavy cuts may fall into 
another order if the cut is light and into still another order for 
drilling or for milling. Unless tests are carefully carried out under 
controlled conditions for a long period of time, it is usually more 
satisfactory to purchase high-speed steel by brand name or accord- 
ing to results of experience with a certain brand. 

10 S. B. Richie, Army Ordnance, v. 11, July 1930. 

11 J. V. Emmons, Trans. Am. Soc. Steel Treat., v. 21, 1933, pp. 193-238. 
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PRECIPITATION HARDENING AND THE CON^ 
STITUTION OF NON-FERROUS ALLOYS 


XHE hardening of steel is a process made possible because iron 
undergoes allotropk transformation in the solid state and be- 
cause carbon is soluble in one of the allotropic forms of iron but 
not in the other. I’his phenomenon is a gift of Providence to 
mankind, and the metallurgist and the engineer, accepting it as 
such, are usually grateful that iron, the cheapest and most readily 
available of all metals, is the one in which an allotropic change 
takes place. Owing to this phenomenon, man can control the 
properties of his iron by alloying it with a little carbon, and by 
heating and cooling it at various rates he can make it hard or soft, 
brittle or tough, malleable or not, as he desires. With all the 
other industrially important metals and alloys no such control 
could be exercised until comparatively recently. The properties 
could be changed to, a limited extent, it is true, by mechanical 
working and by heating the mechanically deformed material and 
cooling it again (annealing), but that was all. 

Within the last 40 years, however, a new field has opened to the 
metallurgist and the engineer by the discovery of a new kind of 
treatment which can be applied to a large number of alloys and 
by which their properties can be changed radically. This new 
treatment, called precipitation hardening (or aging, or age hard- 
ening, and occasionally dispersion hardening) has been used 
most effectively with some of the light alloys of aluminum; re- 
cently it has been applied with success to a number of heavy 
alloys of copper, iron, nickel, and gold. Precipitation hardening, 
as discussed later, is a mechanism that depends upon temperature 
and time. It is because of the time factor that the terms aging and 
age hardening are so frequently used, despite the fact that they 
give no due to tlie actual mechanism, namely the precipitation 
of a constituent from supersaturated solution. Many alloys 
which are hardened by holding or "aging** for hours, days, or 
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weeks at room temperature will be hardened to the same extent 
by holding for minutes or hours at some higher temperature. 

So many alloys the component metals of which do not undergo 
allotropic change can be precipitation hardened that nearly 10 
years ago Merica ^ stated: “In fact, it is possibly not an exaggera- 
tion to say, quite contrary to our older conception, that harden- 
able alloys may be the rule rather than the exception among alloy 
systems.” Since 1932 our knowledge of alloys capable of being 
precipitation hardened has been extended rapidly, and it is quite 
evident that the surface of this field has as yet only been scratched. 

146. The Phenomenon of Precipitation Hardening— The treat- 
ment necessary to produce precipitation hardening was probably 
used first by Alfred Wilm in Germany about the year 1906, when 
he was experimenting with duralumin (94 to 95 per cent alumi- 
num, 4 per cent copper, and about 0.50 per cent each of man- 
ganese and magnesium) for the construction of Zeppelin dirigibles. 
By the time of the first World War this treatment was known 
universally, and during the war precipitation-hardened alumi- 
num-copper alloys were used increasingly for structures and 
machines, as they combine the advantages of light weight with 
high strength and ductility resulting from this treatment. 

Although Wilm deserves much credit for his work on duralu- 
min, it is likely that our knowledge of precipitation hardening 
would still be confined to a few light alloys if it had not been for 
the work of Merica, Waltenberg, and Scott who investigated the 
mechanism and who proposed a rational explanation of the 
phenomenon.^ Their work demonstrated that precipitation hard- 
ening is not an isolated phenomenon, characteristic only of dural- 
umin, but a principle applicable to all solid-solution type alloys 
containing a constituent whose solubility changes with tempera- 
ture. Again quoting Merica; 

Solid solutions and solid solubility are very common among 
alloy systems, and in them decreasing solubility with decreasing 
temperature is the rule. . . . But even more significant, [it is] 
reasonably within our power to render any alloy composition 
amenable to age hardening by the addition to it of a small amount 
of some suitably chosen hardening metal or metallic compound. 

1 P. D. Merica, Trans, Am, Inst, Min. Met, Eng.» v. 99, 1932, p. 13. 

2 P. D. Merica, R. G. Waltenberg, and Howard Scott, U. S. Bureau of 
Standards, Scientific Paper 347, 1919. 
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The silver-copper system is a simple example of alloys in which 
precipitation hardening occurs. The constitutional diagram of 
the system and a section picturing the behavior of the silver-rich 
alloys are shown in Figs. 95 and 96.^ Sterling silver containing 
92.5 per cent silver and 7.5 per cent copper is a typical precipita- 
tion-hardening alloy. As indicated by the solubility curve at the 
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Fig- 95—The silver-copper phase diagram (Smith). 




Fig. 96— The silver-rich portion of Fig. 95 showing variable solubility ol 
copper in silver (Smith). 

left side of the diagram, the solubility of copper in silver increases 
from less than i per cent at room temperature to about 8.4 per 
cent at 1435° (780® C.). If an alloy containing 92.5 per cent 

silver and 7.5 per cent copper is cooled slowly from 1435^ F., 
copper begins to precipitate from the solid solution at 1400° F. 

»CU S. Smith, “Constitution of Copper -silver Alloys/’ Metals Handbook, 
American Society for Metals, Cleveland, 1959, pp. 1360, 1361. 
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(760® C.) and continues to precipitate as the alloy cools to room 
temperature (Fig. 96), In slow heating, the reverse changes take 
place. If, on the other hand, the alloy is cooled rapidly from 
1435° F. to room temperature, precipitation of the excess copper 
is prevented, and a supersaturated solution results. Reheating 
(aging) the quenched alloy at the proper temperature for the 
proper time causes precipitation of excess copper in the form of 
submicroscopic particles, effecting greatly increased hardness. As 
precipitation hardening of an alloy depends upon temperature 
as well as upon time, there may be several treatments which pro- 
duce maximum hardness. Assume for example that an alloy con- 
taining a constituent in supersaturated solution at room tem- 
perature will attain maximum hardness if reheated to 300° F. and 
held for 3 hr. Maximum hardness may also be attained if the 
alloy is reheated at 400 F. for 2 hr. and at 500° F. for 20 min. If, 
however, the alloy is heated to 300° F. and held for 1 2 hr., to 
400° F. for 4 hr., to 500° F. for 1 hr., or to 600° F. for a few min- 
utes, the precipitated particles coalesce, and the hardness is low- 
ered. The important effect of time is shown by data quoted later 
in this chapter. The effect of temperature on the precipitation 
hardening of sterling silver, as shown by data reported by Merica,^ 
is as follows: 

Brinell hardness 


Treatment {500-kg. load, 

lO-mm. hall) 

Cooled slowly 70 

Quenched 55 ' 

Quenched and aged 30 min. at 570® F. (300® C.) no 

Quenched and aged 30 min. at 930® F. (500° C.) 75 


147. The Mechanism of Precipitation Hardening—It is ad' 
visable at this point to refer back to sections 45 and 46 (Chapter 6) 
where it was stated that steel fails under stress by slipping or 
gliding along crystallographic planes of inherent weakness and 
that submicroscopic hard particles of iron carbide, FegC, act as 
keys to prevent easy slip. High-carbon steel hardens in quenching 
because the change of the gamma iron (in which FcgC is soluble) 
to alpha iron (in which FcgC is almost completely insoluble) 
is not prevented and because the minute FegC particles which 
are thrown out of solution are entrapped in enforced supersatu- 

* P. D. Merica, Metal Progress, v. 27, No. i, 1935, pp. 31*35. 
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rated solution in the alpha-iron crystal lattice, distorting the lat- 
tice and acting as keys to prevent slip. High-carbon steel is 
usually hardest when quenched. Reheating causes coalescence of 
the Fe3C particles, and the higher the tempering temperature the 
farther coalescence proceeds and the fewer arc the particles which 
act as slip-preventing keys. 

In precipitation hardening, the mechanism differs from this in 
several important details. At elevated temperature, the harden- 
ing constituent is in solution and is retained in solution by rapid 
cooling. Usually the hardness o!' the quenched alloy is not 
greater, and may be less, than that of the annealed alloy. Owing, 
however, to a decreased solubility of the hardening constituent in 
the solid solution at low temperature, the latter is supersaturated 
and there is, of course, a tendency for the excess atoms to form 
aggregates or for the aggregates of the hardening constituent to 
coalesce into particles. But maximum hardening of the alloy will 
not occur until particles of a critical size are formed as is shown 
by Fig. 97 from Merica.** In some alloy systems, the formation 
of critically dispersed particles begins at room temperature imme- 
diately after quenching, but at this temperature the rigidity of 
the lattice is usually so great that the formation of the particles 
goes on very slowly. Heating the alloy accelerates particle forma- 
tion, but it is relatively easy to carry the process too far and to 
produce particles larger than the critical size. This reduces the 
number of particles and, as Fig. 97 shows, is accompanied by 
decreased hardness (and strength). 

For all age-hardening alloys not only is there a critical particle 
size which is responsible for maximum hardening, but also there 
are optimum treatments by which it is attained. These optimum 
treatments depend upon the composition of the alloy and to some 
extent upon its structural condition, that is, upon the amount of 
prior mechanical working. This will become evident from the 
discussion later in this chapter. 

As a rule, maximum hardening and strengthening are attained 
with a particle size that is below the resolving power of the 
microscope. Owing to the fact that in many alloy systems changes 
upon aging in such properties as density, lattice constant, expan- 
sion, electric resistance, and others do not parallel exactly the 


ft See footnote 1, this chapter. 
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^ hanges in hardness, it is thought by some that precipitation hard- 
ening is caused by the collection of atoms into knots which distort 
the lattice and which obstruct slip even before sizable collections 
of atoms are formed. This, however, is not of great moment. 
The important fact is that in many alloys it is possible to intro- 
duce small percentages of a “stranger'" element that is more solu- 
ble at high than at low temperature, and that by a combination 
quenching (or “solution") treatment and subsequent aging at 
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Fig. 97— Relation between number and size of particles and Hardness (Mcrica). 


atmospheric or at some higher temperature it is posMble to con- 
trol the engineering properties with a fair degree of precision. 

148. Constitution and Heat Treatment of Aluminum-copper 
Alloys — The alloys of aluminum with 2 to about 12 per cent cop- 
per are important industrially and are, in addition, good examples 
of alloys that can be improved by a solution heat treatment fol- 
lowed by aging. The constitutional diagram of the aluminum-rich 
aluminum-copper alloys is shown in Fig. 98.® This is similar 

fi E. H. Dix, Jr. and H. H. Richardson, “Constitution of Aluminum-copper 
Alloys/' Metals Handbook, American Society for Metals, Cleveland, 1959, 

p. 1222. 
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in its general outline to tliat of the silvci -copper ailoys (Fig. 95). 
1 he essentia] cliilererue is that (ojjpet and aluniinuin icad to 
lorrn ilte interiuciallit (onipound (aiAL (vvhitli prohahly dis- 
solves a iittl(' aliiinimnti), designated in Fig. 9H as thda (H). I his 
is the hardening roust it nent. If Fig. 98 is (oinpau d with 1 ig. ()r„ 
it will be noted that the general shape oi the line of solid solu- 
bility of CaiAh in aliuuinum is the same as ol that of topper in 
silver. At room tem|)eratui th(‘ solubilit) of (0 ])}h,‘ 1' is k'ss than 
o.r,n ])er eenl, at F. (/irjo"" C.) it is 2.00 per eetu (see inset 
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Fig. 98— The aluminum-copper phase diagram; inset, the alurninum-rich 
portion (Dix and Richardson). 


Fig. 98), and at 1005° F. (540° C.) it is about 5.6 per cent. This 
means, of course, that up to 5.6 per cent copper can be retained in 
supersaturated solution by quenching and can be precipitated (as 
CuAlo) in critical particle size by aging. 

The structure of a cast and slowly cooled specimen containing 
3.94 per cent copper is shown in Fig. 99^ d The appearance and 
distribution of the theta constituent (CUAI2) is clearly evident. 
Upon heating this alloy to 1005® F. (540° C.) and holding at this 
temperature for sufficient time, all the CUAI2 goes into solution 
and is retained in solution by quenching (Fig. 99^). Aging for 
a day or two at room temperature, or for an hour or two in boiling 
water, or for a shorter period at 300® F. (150° C.) precipitates the 

7 Courtesy of E. H. Dix, Jr„ Aluminum Research Laboratories. 
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CUAI2 in critical particle size. The effect of these treatments on 
the tensile properties and hardness is indicated in Table 18. 

Table 18. Effect of Heat Treatment on the {Properties of an 
Aluminum-copper Alloy Containing 4.5 Per Cent Copper 


Material 

Treatment 

Tensile 
strength t 
lb. per 
sq. in. 

Yield 
strength, 
lb. per 
sq. in. 

Elonga- 
tion in 

2 in., 
per cent 

Brinell 

hard- 

ness* 

High-purity 

aluminum 

Wrought and annealed 
sheet , 

13,000 

5 rOOO 

35 

23 

4-5% Cu 

Sand cast and slowly 
cooled 

Sand cast, heated 40 hr. at 
1005° F. (540° t.) and 
water quenched 

20,100 

8,800 

7-5 

46 

4.5% Cu 

35,^00 

17,400 

20.7 

62 

4-5% Cu 

Sand cast, treated as 
above and aged 2 days at 
room temperature 

42,300 

24,000 

19.0 

83 


♦ soo-kg. load, lo-mm. ball. 


The solution heat treatment of aluminum-copper alloys and 
of duralumin— which, as mentioned, contains about 0.50 per cent 
each of manganese and magnesium in addition to about 4 per cent 
copper— requires some care owing to the fact that the temperature 
at which 4 per cent copper dissolves completely in aluminum— 
950 to 980° F. (510 to 530® C.)— is only a few degrees below the 
temperature (1018° F.) at which incipient melting occurs (see 
inset Fig. 98). Unless this temperature is controlled closely and 
measured accurately, reasonably complete solution of the CuAlg 
may not be attained, or the article being treated may be over- 
heated and thus ruined. 

None of the aluminum-copper alloys is actually a binary alloy 
as each contains some iron and silicon as impurities. Two of the 
alloys, containing 4 and 8 per cent copper, which are used for 
sand castings, are nominally binary alloys. The 4 per cent copper 
alloy is usually used in the heat-treated condition an4 combines 
relatively high strength with good resistance to shock. The 8 per 
cent copper alloy is used in the *^as-cast’* condition when an inex- 
pensive material is required. Because it is somewhat dijB&cult to 
cast, it is not used so widely as the more complex 8 per cent 
copper alloy containing a small amount of silicon or zinc (see 
Table 20). 
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149. The Complex Precipitation-hardening Aluminum-cop-^ 
per Alloys—The discussion in the previous section was confined 
to the alloys of aluminum and copper with no other intentionally 
added alloying element. There are several more complex alloys 
which are used as castings or as wrought sections after a solution 
heat treatment followed by aging. The most important of these 
are, of course, the wrought duralumin-type alloys. In addition to 
the common duralumin containing 4 per cent copper, 0.5 per cent 



Fig. 99— Structure of an alloy containing 3.94 per cent copper, 0.02 per cent 
silicon, 0.02 per cent iron, and remainder aluminum. (A) as cast. looX* and 
{B) quenched, 500 X, etched (Aluminum Research Laboratories). 


magnesium, and 0.5 per cent manganese, wrought alloys contain- 
ing {a) 4.8 per cent copper, 1.5 per cent magnesium, and 0.6 per 
cent manganese, (fe) 4.5 per cent copper, 0.8 per cent silicon, and 
0.8 per cent manganese, and (c) 4.4 per cent copper, 0.8 per cent 
silicon, 0.8 per cent manganese, and 0.4 per cent magnesium are 
used in considerable quantities. After treatment, these alloys 
have a tensile strength of 60,000 to 70,000 lb. per sq. in., a yield 
strength of 37,000 to 50,000 lb. per sq. in., and an elongation of 
10 to 24 per cent in 2 in 
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Also well known are the two alloys used for pistons of internal- 
combustion engines. These are usually cast in permanent molds 
and are used in the heat-treated condition. The composition is 
balanced to produce the most desirable expansion characteristics, 
easy machinability, and hardness at elevated temperature. The 
most common of the two alloys is the one formerly known as 
V-alloy, containing 4 per cent copper, 2 per cent nickel, and 1.5 
per cent magnesium. After a solution heat treatment and aging, 
the strength is about 45,000 lb. per sq. in. and the Brinell hardness 
(500-kg. load, 10-mm. ball) is 100 to 130. These properties are 
not affected by temperatures up to 300° F. (150° C.). 

The other piston alloy contains about 10 per cent copper and 
0.25 per cent magnesium. Its strength and hardness are about 
the same as of Y-alloy, and these properties are also retained up 
to 300° F. The piston alloys are brittle, with an average elonga- 
tion of 0,5 per cent or less in 2 in. 

150. The Heat- treatable Aluminum-magnesium and Alumi- 
num-magnesium-silicon Alloys— The aluminum-magnesium and 
aluminum-magnesium-silicon alloys contain a constituent the 
solubility of which varies with temperature. Aluminum and 
magnesium form an intermetallic compound of uncertain com- 
position, usually designated as o:AlMg. Magnesium is soluble in 
aluminum to the extent of 2.9 per cent at 390° F. (200° C.), 11.5 
per cent at 750° F. (400° C.), and 14.9 per cent at 845° F. 
(450° C.), the eutectic temperature. 

Silicon does not form an intermetallic compound with alumi- 
num, but it does combine with magnesium to form MggSi whose 
solubility in aluminum increases from 0.27 per cent at 390° F. 
(200° C.) to 1.05 per cent at 930° F. (500° C.) and 1.85 per cent 
at noo° F. (595° C.), the eutectic temperature. Silicon in excess 
of the amount forming Mg2Si does not affect the solubility of 
this compound in aluminum, but an excess of magnesium reduces 
its solubility. It is necessary, therefore, to be sure that only just 
enough magnesium is present if full advantage is to be taken of 
the improvement in strength resulting from precipitation harden- 
ing. 

The only aluminum-magnesium alloy used in this country for 
heat-treated sand castings is the one containing 10 per cent mag- 
nesium. After heat treatment, its tensile properties are higher 
than those of any other aluminum-base alloy, and these properties 



PRECIPITATION HARDENING 


*79 

are combined with high resistance to corrosion. It requires, 
however, special foundry practice and cannot be used for all types 
of castings. In Europe, alloys containing about 7 per cent mag- 
ncsium are widely used for heat-treated castings. In the United 
States, however, alloys containing 4, 6, and 7 per cent magnesium 
are used only in the “as-cast" condition. 

The only wrought aluminum-magnesium alloys used in this 
country contain less than 6 per cent magnesium and are used in 
the annealed or strain-hardened condition since, for all practical 
purposes, these alloys are not heat treatable. Two of these alloys, 
however, are rapidly attaining wide commercial acceptance. One 
contains 2.5 per cent magnesium and 0.25 per cent chromium 
and is characterized by good resistance to salt-water corrosion. 
The other contains slightly less than 6 per cent magnesium, with 
small additions of several other elements, and has proved espe- 
cially useful for the production of fine wire. There are, however, 
several heat-treated aluminum-magnesium-silicon alloys which 
find extensive use for various wrought products. The oldest of 
these, containing 1 per cent silicon and 0.6 per cent magnesium, 
was used for many classes of products at one time but has largely 
been replaced by improved compositions. A modification of this 
alloy, containing 0.25 per cent chromium, is still used to some 
extent for forgings where a high degree of forgeability is desired. 
The other two alloys of this group contain, respectively, (a) 1.4 
per cent magnesium, 0.7 per cent silicon, and 0.25 per cent chro- 
mium and (b) 0.95 per cent magnesium, 0.55 per cent silicon, and 
0.25 per cent chromium. Both have high resistance to corrosion, 
strengths somewhat below those of the duralumin-type alloys, and 
a high degree of workability. The former has somewhat the 
higher strength and resistance to corrosion, while the latter excels 
in workability. 

There are three common aluminum-magnesium-silicon alloys 
which are used in the form of heat-treated castings. One, contain- 
ing 7 per cent silicon and 0.3 per cent magnesium, was developed 
to provide an alloy which would have the ease of casting of the 
13 per cent silicon alloy but which could be heat treated to a 
higher strength. The other two are alloys developed for use in 
the automotive and aircraft industries. One contains 5 per cent 
silicon, 1.25 per cent copper, and 0.5 per cent magnesium and is 
used for liquid-cooled cylinder heads and other pressure-tight 
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castings. The other is a low-expansion piston alloy containing 
1 2 per cent silicon, 0.8 per cent copper, 1 per cent magnesium, and 
1 to 2.5 per cent nickel. Typical properties of some of these 
alloys are given in the next chapter. 

15 1. Constitution of the Common Copper-rich Alloys—None 
of the four series of important binary copper-rich alloys— namely, 
copper-zinc, copper-tin, copper-aluminum, and copper-nickel— 
can be heat treated in the sense that sterling silver or many of the 
aluminum-rich alloys can be heat treated. Sections of the copper- 



Fig. loo—The copper-zinc phase diagram (Phillips and Brick, Metals Hand’ 

book, p. 1367). 

zinc and the copper-aluminum diagrams are given in Pigs. 100 
and 101.® Most of the useful alloys of copper with zinc (brass) 
and of copper with aluminum (aluminum bronze) contain less 
than 40 per cent zinc and less than 10 per cent aluminum respec- 
tively and are, consequently, ductile single-phase alloys consisting 
of a solid solution of zinc or of aluminum in copper. If the zinc 
in brass exceeds about 35 per cent, beta phase appears, reducing 
ductility and impact resistance. Only one such alloy, Muntz 
metal, containing 41 per cent zinc, is used widely, and in this the 
amount of beta phase is so small that ductility is not 'seriously 
affected. 

■ Similar to conditions in the copper-zinc system, most of the 
commercial aluminum bronzes are single-phase alloys containing 

^Metals Handbook, American Society for Metals, Cleveland, 1939, pp. i 842 ' 
1367. 
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5 to 9 per cent aluminum (see Fig. loi). If the alloy contains 
more than 9.5 per cent aluminum, beta phase appears, reducing 
the ductility. Although the beta phase cannot be retained in 
solution by quendiing, there is the possibility of securing transi- 
tion structures by quendiing a wrought alloy containing 10.5 to 
1 1 per cent aluminum. The result is a tensile strength of 100,000 
to 110,000 lb. per sq. in. and an elongation of 10 to 15 per cent, 
as compared with 65,000 to 85,000 lb. per sq. in. and 35 to 50 per 



Fig. 101 —The copper-rich portion of the copper-aluminum phase diagram 
(Jennison and Smith, Metals Handbook, p. 1342). 


cent elongation for the alpha-phase alloy. No precipitation hard- 
ening is possible in the binary copper-rich copper-aluminum 
alloys. 

The principal commercial copper-tin alloys are alpha-phase 
alloys and contain 1 to 10 per cent tin and usually also zinc, lead, 
or both. The only important binary alloy is phosphor bronze 
which contains 4 to 10 per cent tin and which is deoxidized in 
melting with a small amount (less than 0.5 per cent) of phos- 
phorus. Tin increases the hardness and strength of copper. As 
shown in Chapter 18, a cold-rolled phosphor bronze used for 
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springs has a tensile strength of about 100,000 lb. per sq. in. with 
5 per cent tin; this increases to 120,000 lb. per sq. in. with 10 per 
cent tin. No heat treatment is possible with commercial copper- 
tin alloys as is indicated in Fig. 103^4. 

Copper and nickel form a continuous series of solid solutions 
free from any phase change. The strength of the solid solution 
of nickel in copper increases with the nickel from about 35,000 
lb. per sq, in. for very low nickel to 80,000 for 60 per cent nickel; 
elongation decreases from 70 to 45 per cent in 2 in. There are 
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Fig. 102— Copper-rich portion of the copper-beryllium phase diagram 
(Jennison and Silliman, Metals Handbook, p. 1344). 


a large number of important copper-nickel alloys which, owing to 
their controllable color, to their corrosion resistance, or to their 
thermoelectric properties, are used for coinage, ornamental metal 
work, ship construction (especially in parts exposed to salt water), 
thermocouples, and in other special applications. An alloy 
higher in nickel, Monel metal—containing 65 per cent nickel and 
35 per cent copper— is widely used because of its high resistance 
to many corrosive media. 
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152. Precipitation-hardening Copper-rich Alloys—Recent de- 
velopments in the age hardening of several heavy non-ferrous 
alloys arc noteworthy. One of these alloys, silver-copper (sterling 
silver), is discussed in section 146 as an example of the phenome- 
non of precipitation hardening. The other two which deserve 
brief mention are the copper-beryllium and the copper-tin-nickel 
alloys. 

The copper-beryllium diagram is shown in Fig. 102.® It will be 
noted that this figure resembles the silver-copper diagram (Fig. 
95) and the aluminum -copper diagram in that the solubility of 
beryllium in copper increases with the temperature from about 
0.5 per cent at room ‘emperature to 2.4 per cent at 1475 to 
1 500® F. (800 to 8 j 5‘^ C.V If an alloy containing 2 per cent beryl- 
lium is quenched from this temperature range, the alpha solid 
solution is retained; reheating to 480 to 750° F. (250 to 400° C.) 
causes precipitation of the gamma phase, accompanied by in- 
creased strength and hardness and greatly reduced ductility. For 
sheet containing 2.15 per cent beryllium the magnitude of the 


change is as follows: 

Quenched from 

Quenched and 

Property 

1475“ F. 
{800° C.) 

aged 2 hr, at 
570^ F. (300° C.) 

Tensile strengt h, lb. per sq. in 

.... 70,000 

175,000 

Yield strength, lb. per sq. in 

— 31.000 

134,000 

Elongation in 2 in., per cent 

45 

6.3 

Brinell hardness 

. . . . no 

340 


Beryllium is unique in that it causes precipitation hardening 
not only when alloyed with copper but also when alloyed with 
nickel, iron, and some austenitic steels. It is a costly element and 
has, therefore, not been used widely, although the high endurance 
limit of an alloy containing about 2 per cent beryllium and the 
remainder copper, reported by Gillett to be about 100,000 lb. 
per sq. in., indicates that it may find considerable use as a spring 
material. The copper-beryllium alloys are discussed in Chap- 
ter 18. 

An important development in cast copper-rich alloys was the 
discovery that the addition of 2 to 8 per cent nickel to a bronze 
containing 10 per cent tin results in an alloy that is age harden- 

^ Metals Handbook, American Society for Metals, Cleveland, 1939, p. 1344. 

Metals Handbook, loc. cit. 

11 Quoted by P. D. Merica, Metal Progress, March 1935. p. 46. 



2^4 MODERN METALLURGY FOR ENGINEERS 

ing. The effect of 2 per cent nickel on the phase diagram of the 
copper-rich copper-tin alloys is shown in Figs. 103^ and 103^.^^ 
As is evident in Fig. 103^^ there is little change in the solubility 
curve of the delta constituent with increasing temperature. If 
nickel is added, however, the solubility curve at temperatures 
below 1020® F. (550° C.) is moved sharply to the left, from i6 to 
4 per cent tin. If a cast alloy containing 8 per cent tin and 7.5 
per cent nickel is heated to 1400° F. (760° C.) and quenched in 
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Fig. 103— Copper -rich portion of (A) the copper-tin phase diagram and 
(B) the copper-tin phase diagram with 2 per cent nickel (Merica). 

water, the structure is wholly alpha. If, now, it is reheated to 
600 F. (315° C.), the hardening constituent theta (0) precipi- 
tates. The effect on the properties as given by Merica is as 


follows: 

Property 

As cast 

Quenched 
and aged 

Tensile strength, lb. per sq. in 

. . 55 »ooo 

90,000 

Yield strength, lb. per sq. in 

25,000 

50,000 

Elongation in 2 in., per cent 

18 

15 

Reduction of area, per cent, . . . , 

18 

25 


12 Merica, loc. dt. 
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153. Value of Precipitation Hardening in Non-ferrous Alloys 
—Naturally, precipitation hardening as a valuable industrial 
process cannot be compared with the heat treatment of steel. 
Precipitation hardening is a young art and, with the exception of 
the study of age-hardenable light alloys of aluminum upon which 
much work has been done and which have been used with great 
effectiveness by the airplane and automotive industries, research 
and development of this method of improving the properties of 
non-ferrous alloys are still in their infancy. 

It is not likely that rdloys hardtmable by precipitation will ever 
be used in large tonnage s. Most lieavy non-ferrous alloys are used 
primarily for their color, their corrosion resistance, or thcii 
electric properties. In many applications mechanical properties 
are not of vital importance. Merica thinks that, with the excep- 
tion of the aluminum alloys, the demand in the near future foi 
alloys that can be age hardened will be “intensive rather than 
extensive.’* Many alloys in small lots will be needed rather than 
large quantities of a few. Jt is likely that precipitation-hardened 
heavy alloys will be “specialties” for many years. According to 
Smith, precipitation-hardening copper alloys have great poten- 
tial usefulness owing to the possibility of combining high strength 
with relatively high electric conductivity. High strength, when 
obtained by alloying and cold work, is accompanied by greatly 
lowered conductivity. This is not the case when the strength is 
obtained by precipitation hardening. 

Important work has been done on the precipitation hardening 
of gold-base dental alloys, naturally a limited field, and some 
advances have been made in hardening of white metals that are 
used for bearings. For example, an alloy containing 97.5 per 
cent lead and 2.5 per cent antimony has a tensile strength of 
4500 lb. per sq. in. as annealed; quenching from 455° F. (235° C.) 
results in a tensile strength of 5000 lb. per sq. in.; and aging for 
about 2 months at room temperature increases this to 10,000 lb. 
per sq. in. 

154. Precipitation Hardening in Low-carbon Steels— In a pre- 
vious chapter (section 35), where the fundamental structure of 
carbon steels is discussed, ferrite was defined as alpha iron holding 
in solution small amounts of silicon, phosphorus and possibly 


ti C. S. Smith, private communication, September 4, 1940. 
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Other elements, and traces of carbon. Of the elements which may 
be in solution in very small quantities in alpha iron, three- 
carbon, oxygen, and nitrogen-can, under suitable conditions, 
precipitate and cause age-hardening effects. As the solubility of 
these in iron at various temperatures is not known with certainty, 
Fig. 104^^ is an approximate picture. It will be noted that the 
slope of these curves resembles the slope of the solubility curves 
of the other alloy systems discussed in this chapter. The uncer- 
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Fig. 104—1 ron-rich portion of the (A) iron-carbon phase diagram, (B) iron- 
oxygen phase diagram, and (C) iron-nitrogen phase diagram, showing changes 
in solubility of carbon, oxygen, and nitrogen with temperature (Epstein and 

Miller). 


tainty concerning oxygen is especially great. It is, for example, 
known that low-carbon steels which are thoroughly deoxidized 
are non-aging’*; but it is possible that oxygen decreases the solu- 
bility of carbon and of nitrogen in ferrite and thus promotes their 
precipitation, instead of precipitating itself. 

Aging in carbon steel is a phenomenon that is common only in 
the low-carbon grades. Since these steels are used rarely in the 
quenched condition, precipitation hardening due to iron carbide 

Epstein and H. L. Miller, ‘Aging in Iron and Steel,” Metals Hand- 
book, American Society for Metals, Cleveland, 1939, p. 602. 
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or iron nitride retained in solution by quenching, followed by 
slow spontaneous precipitation at room temperature or more 
rapid precipitation at slightly elevated temperature— in a manner 
exactly analogous to precipitation hardening in duralumin—is 
seldom encountered. It is, however, possible, by quenching a 
steel containing 0.04 to 0.10 per cent carbon and by aging at 
140° F. (60° C.) for 10 to 15 hr. to increase the Brinell hardness 
from 120 to 160. 

There is another and more common variety of precipitation 
hardening in low-carbon steels, i nown as strain aging. If steels 
susceptible to aging ate strained by cold working, a hardening 
constituent— probably iron carbide, iron oxide, or iron nitride- 
precipitates during straining and for some time afterward (at 
room temperature), and this is accompanied by increased hardness 
and strength and by decreased impact resistance. The effect of 
the precipitation can be detected readily by cold working a 
rimming steel and a deoxidized steel of the same analysis and by 
testing a sample of each immediately and at intervals of several 
weeks or months. 

155. The Consequences of Aging in Low-carbon Steel—The 
embrittlement caused by strain aging is marked. For example, a 
low-carbon steel susceptible to aging, with a room-temperature 
impact resistance of 35 ft-lb., may have an impact value as low as 
15 ft-lb. after cold working. This may be 5 or 6 ft-lb. if the 
material is tested after 3 months. A non-aging steel of the same 
carbon content, with a room-temperature impact value of 45 ft-lb., 
will have an impact value of about 40 ft-lb. when subjected to the 
same amount of straining, and of about 35 to 38 ft-lb. when tested 
after 3 months. 

The quench aging of steel is an interesting phenomenon but is 
of little practical importance. Strain aging, however, frequently 
has unpleasant consequences. Low-carbon deep-drawing sheet 
for automobile bodies and fenders is given a light final cold 
working after hot rolling, which produces conditions ideal for 
precipitation of the hardening constituent. Unless the sheet is 
deep drawn immediately, the loss of ductility may be so great that 
the steel will not withstand the drawing operation successfully 
Strain aging has been known also to be the cause of failures in 
boiler plate in strained areas around rivet holes. Considerable 
effort is being expended at present, by deoxidation and by other 
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methods, to control grain size and aging characteristics which 
seem to be related to each other and lo the method of melting the 
steel. 

156. Age Hardening in Alloy Steels— Of the large number of 
common low-alloy steels, only those containing about 1 per cent 
copper are subject to precipitation hardening. The solubility of 
copper in alpha iron increases from about 0.4 per cent at room 
temperature to 1.4 per cent or more at 1525° F. (830° C.). Low- 
carbon steels containing 0.7 to 1.5 per cent copper can, therefore, 
be hardened by a treatment causing precipitation of the harden- 
ing constituent (in this case a solid solution of about 4 per cent 
iron in copper). This treatment consists of heating to 1650° F. 
(900° C.), cooling— quenching is not necessary— and reheating 
for 3 or 4 hr. at 930° F. (500® C.). Precipitation hardening 
increases tensile strength and yield strength about 20,000 lb. per 
sq. in. Ductility is decreased, but the age-hardened copper steels 
are not brittle. 

A number of recent investigations have been concerned with 
the age hardening— produced by adding titanium— of highly al- 
loyed iron-nickel, iron-nickel-manganese, and iron-nickel-cobalt 
alloys. Most of this work has been exploratory, and little indus- 
trial use, other than in radio tubes, has been made as yet of the 
alloys developed. It seems probable, however, that precipitation- 
hardened alloys containing 5 to 25 per cent iron, 25 to 40 per 
cent nickel, and the same amount of cobalt, to which 2 or 3 per 
cent titanium has been added, may in the near future be of con- 
siderable use for heating elements in electric appliances and for 
other purposes where high strength and ductility at elevated 
temperatures are valuable. 

Alloys of iron with 8 to about 33 per cent tungsten can be age 
hardened owing to the variable solubility of an iron-tungsten 
intermetallic compound in alpha iron. As quenched, the alloys 
are soft enough to be machined. By reheating to 1290 to 1470° F. 
(700 to 800° C.) Brinell hardness values of 300 to 500 are attained. 
The work which has been done on this series^® is also largely 
exploratory, and no wide commercial use of the iron-tungsten 
alloys seems in sight at present. Another series of alloys of equal 
or even more interest are the iron-cobalt-tungsten alloys,^® espe- 

15 By W. P. Sykes of General Electric Co. 

i«Also investigated by W. P. Sykes. 
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dally those containing 50 per cent iron, 30 per cent cobalt, 20 
per cent tungsten, and only a trace of carbon. Quenching from 
2370° F. (1300° C.) produces a hardness of 40 Rockwell equi- 
valent to a Brinell number of 385, and a tensile strength of 
185,000 lb. per sq. in. Aging at 1130° F. (600° C.) increases the 
hardness to 65 to 69 Rockwell C, equivalent to a Brinell number 
of 700 to 800, i.e., to that of a very hard tool steel. 

There are many interesting possibilities of improving the 
properties of high-alloy steels by precipitation hardening. The 
large amount of woik now going on in this field should have 
important consequences it. the future. 



Chapter 17 

LIGHT ALLOYS AS ENGINEERING MATERIALS 


For about 30 years after aluminum metal was first produced 
(1825) ^ laboratory curiosity worth about $100 a pound. 

In 1857, Sainte-Clair Deville, as the result of research supported 
by Napoleon III, succeeded in bringing the price down to $25 
and two years later to I17 a pound, still too high for anything 
but jewelry. Despite the fact that alumina (AI2O3) is a very 
abundant oxide in the earth's crust and can be produced economi- 
cally in pure form, cheap aluminum was impossible, owing to the 
high cost of the sodium metal and the aluminum chloride neces- 
sary for successful reduction of the oxide, until the discovery of 
the electrolytic process. This process, which quickly brought the 
price down to less than $1.00 and later to $0.18 a pound, was 
discovered by Charles M. Hall in 1886. A patent was issued in 
1889. Paul Heroult, inventor of the arc electric furnace which 
bears his name, discovered the electrolytic process about the 
same time and was granted a French patent in 1886 and a British 
patent in 1887, but his application in the United States was 
denied, the Patent Office recognizing the priority of HalPs inven- 
tion. Heroult did not begin manufacture of aluminum metal in 
France until the success of Hall's process had been demonstrated 
in the United States. 

Industry was slow to recognize the value of aluminum: in 1893 
less than 100 tons was used in the United States; 10 years later 
domestic production was about 3000 tons. The discovery of 
duralumin and its heat treatment by Wilm in Germany (see p. 
270) stimulated the use of aluminum. In 1915 world prcxiuction 
was 85,000 metric tons; by 1939 this had increased to about 
675,000 tons, of which the United States and Germany each pro- 
duced between 165,000 and 200,000 tons. 

The history of magnesium and its alloys parallels in many ways 
the history of aluminum. Isolated as a metal in 1830, it was a 
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laboratory curiosity until 1852 when Bunsen produced consider- 
able quantities by electrolysis of fused magnesium chloride. It 
was not until about 1895 that production was put on a commei 
cial basis in Germany. For 20 years, Germany had a virtual 
monopoly in the manufacture of magnesium, until the first World 
War forced other countries to undertake production. The 
American industry began about 1915 and was firmly established a 
few years later. Since 1920, the price has dropped from about 
$1.75 a pound to $0.30 a pound, and yearly consumption in the 
United States has increased from 50 to about 2000 short tons- 
World consumption was estimated at 25,000 tons in 1939. of 
which Germany u.ard two thirds. 

157. Manufacture c f Aluminum Metal—Aluminum metal is 
produced by electrolyzing alumina (AloOg), which is prepared 
by purifying bauxite—a hydrated oxide of aluminum containing 
iron oxide and silica as the principal impurities. Bauxite deposits 
of satisfactory quality are distributed throughout the world, and 
alumina of high purity can be obtained cheaply from these de- 
posits. Owing to the high melting point of alumina— 3720° F. 
(2050° C.)— and to its high heat of formation, it cannot be re- 
duced by methods commonly used for iron, zinc, lead, or copper. 
It can be reduced by carbon at 3250° F. (1790° C.) or above, a 
temperature at which aluminum is quickly volatilized. Since 
the deposition potential of aluminum is greater than that 
of hydrogen, and since aluminum reacts with water, elec- 
trolytic deposition of the metal from an aqueous solution 
of its salts is not possible. In order to electrolyze an alumi- 
num compound it is necessary, therefore, to dissolve it in a 
substance which does not react with aluminum and which 
is more resistant than aluminum oxide to electrolytic de- 
composition. The discovery of such a substance— cryolite, a 
double fluoride of sodium and aluminum, NagAlFg— and the 
method of using it are the basic features of Hall's patent. Cryo- 
lite melts at about 1830° F. (1000° C.) and, when molten, dis- 
solves about 16 per cent of its weight of alumina. By electrolyz- 
ing a molten bath of cryolite and aluminum oxide with a current 
of low voltage and high amperage, AI2O3 is dissociated into 
aluminum and oxygen; the molten aluminum, being heavier at 
1850° F. (1010® C.) than the molten cryolite, settles to the bottom 
of the bath. Powdered alumina is added from time to time to 
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replace that electrolyzed. The molten metal is removed by 
tapping or ladling and is poured into molds to solidify as pigs 
weighing about 50 lb. each. The efficiency of the process varies 
from 75 to 90 per cent, and the metal so produced has an average 
purity of 99.5 per cent. The aluminum pigs are generally re- 
melted in lots of 3000 to 30,000 lb. to eliminate entrapped elec- 
trolyte and dross and thus to improve the quality. This remelted 
metal is poured into ingots of various sizes, ranging from 1 lb. to 
as much as 3000 lb. 

158. Melting and Casting Aluminum Alloys— Aluminum has 
several characteristics which make melting simple compared with 
steel or cast iron. The principal ones are its low melting point— 
1220° F. (660° C.)— and the formation of a tenacious film of oxide 
when the metal is exposed to the air, which provides protection 
from further oxidation. In the manufacture of alloys, aluminum 
ingots are melted in a crucible, iron-pot, or barrel furnace, or in 
large lots in an open-hearth furnace. If the alloying element 
melts at a low temperature, as for example magnesium and zinc, 
it is added directly to the molten metal just before pouring. If 
the alloying element has a high melting point, as for example 
copper, manganese, and nickel, it is added as a hardener. This is 
a rich alloy of aluminum with the alloying metal and is made by 
melting aluminum, superheating it, and slowly adding the alloy- 
ing metal. For the manufacture of aluminum-copper alloys the 
hardener usually contains about 50 per cent copper. Silicon, 
manganese, and nickel hardeners contain 15 per cent silicon, 10 
per cent manganese, and 25 per cent nickel respectively. Hard- 
eners melt readily when they are added to molten aluminum. 

When melting is completed and the temperature of the metal 
is adjusted to that required for the particular alloy being made, 
the metal is poured, either into large ingot molds for fabrication 
into wrought sections, or into molds for castings. There are 
three methods of producing aluminum-alloy castings: (1) pouring 
into sand molds, (2) pouring into metal (permanent) molds, 
and (3) pouring into metal dies under pressure (die casting). 
Producing a sand- or permanent-mold casting of high quality is 
an art that demands specialized knowledge of patterns, sands, 
cores, and molding practice and is beyond the scope of this book. 
In general, sand molds are used for large or intricate castings 
or for the production of small quantities. Permanent-mold or 
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die castings, owing to the high cost of molds or dies, are cheaper 
than sand castings only if large quantities of certain sizes and 
shapes are required. Because permanent-mold and die castings 
can be held to close tolerances, less machining is necessary than 
for sand castings. 

159. Development of Wrought Alloys of Aluminum— Credit 
for the development of wrought high-strength aluminum alloys 
should be given chiefly to the aircraft industry. As mentioned 
previously, Wilm’s early work was done in connection with 
Zeppelin’s development of the rigid dirigible, and, according to 
Bossert,^ piior to the hrst World War the Aluminum Company of 
America supplied the TJ. S. Navy with aluminum-alloy (du- 
ralumin) sheet (designated lyS-T^) for the Navy’s rigid dirigible. 
In 1915, the minimum requirements for 17S-T (duralumin) sheet 
were 50,000 lb. per sq. in. tensile strength and 24,000 lb. per sq. 
in. yield strength. The composition of 17S is essentially the same 
now, buL, owing to improvements in manufacture and heat 
treatment, the minimum tensile strength is now 55,000, and the 
minimum yield strength is 32,000 lb. per sq. in. Alloy 17S has 
been largely replaced in aircraft construction by a recently de- 
veloped alloy (24S) containing more magnesium, which has a 
minimum tensile strength of 62,000 lb. per sq. in. and a minimum 
yield strength of 40,000 lb. per sq. in. 

In its use of large quantities of high-strength aluminum alloys 
the aircraft industry was interested primarily in the strength- 
weight ratio; cost was of secondary importance. In other indus- 
tries, however, first cost and total cost over the expected life of a 
structure are very important. It was only 10 or 15 years ago 
that these alloys were considered ’seriously for automobile, truck, 
and bus construction and for electric- and steam-railway rolling 
stock; their consideration for bridge and building construction 
is still more recent. For these fields, new alloys have been de- 
veloped and new wrought sections have been made available so 
that, now, relatively large quantities of aluminum alloys are used 
in the transportation field. 

There are two classes of wrought aluminum alloys: (i) alloys 

1 T. W. Bossert, Metal Progress, Jan. 1937, P- 42 * 

2 In the specifications of the Aluminum Company of America “S’ 
designates a wrought alloy. If this is followed by a “T,“ it designates a 
wrought and heat-treated material. 
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that are not heat treated and that owe their properties to strain 
hardening by cold work, and (2) alloys whose strength may be 
improved by heat treatment and whose properties may be altered 
still more by cold deformation. Untreated alloys are available 
in five “tempers”: annealed, quarter hard, half hard, three- 
quarters hard, and hard. The annealed alloys have the lowest 
tensile and yield strengths and the highest ductility, and the hard 
alloys have the highest strength and lowest ductility of the 
five classes. This is shown by the data in Table 19.^ 

160. The Manufacture of Wrought Aluminum Alloys— Alu- 
minum and its alloys can readily be hot and cold worked by 
rolling, forging, pressing, extruding, or drawing into a variety of 
sections, including such thin material as fine wire and foil. Al- 
though some alloys are not suited for certain types of wrought 
products, aluminum and its alloys can generally be secured in the 
form of sheet, plate, foil, wire, rod, bar, rolled and extruded 
shapes, tubing and pipe, rivets and forgings. Sheet, plate, and 
foil are well-known rolled products which have been available 
for many years. These products are made in thicknesses from 
about 0.0003 in. to 3 in. and in widths from less than 1 in. to as 
much as 10 ft. Rolled shapes are a development of the past 10 
years, and at present I- and H-beams, tees, zees, angles, and chan- 
nels as deep as 12 in. and as long as 85 ft. are produced. Forging 
is an important method of producing finished sections, especially 
for the automotive and aircraft industries, and large numbers of 
forged connecting rods, propellers, crankcases, and other engine 
parts are made each year. 

Aluminum alloys are shaped readily by extruding (forcing a 
hot ingot, billet, or bar through a die), and intricate hollow and 
solid sections can be produced (Fig. 105) in this way, so intricate 
that it is virtually impossible to form them by any other process 
of working. Extrusion is also used for certain structural shapes, 
especially I- and H-beams, angles, and channels. All aluminum- 

sData in Tables 19 and 20 are based on Zay JefEries, C. F. Nagel, and 
R. T. Wood, Trans. Am. Soc. Civil Eng., v. 102, 1937, pp. 1267-1296; and 
E. H. Dix, Jr., and J. J. Bowman, “Alloys of Aluminum and Magnesium," in 
Symposium on High-strength Constructional Metals, American Society for 
Testing Materials, March, 1936, pp. 109-126; and revised September, 1940, by 
E. H. Dix, Jr., and his associates at the Aluminum Research Laboratories 
of Aluminum Company of America. 
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alloy tubing is seamless and is produced by extruding from hollow 
ingots followed by cold working to finished size. Many hollow 
sections are made by forming a round disc into a cup-shaped 
section on a press. Tubes vary from 0.025 itiside 

diameter, or %2 ^ * /4 ot^^^side diameter. 

Although aluminum and its alloys can be cold drawn into wires 
as small as 0.0025 in. in diameter, most of the drawn wire which is 



Fig. 1 or, -Cross-sections of extruded shapes of aluminum alloys (Aluminum 
Company of America), 

produced is of a larger size and is used for the fabrication of 
stranded electrical conductors. For this purpose, it is common 
practice to use composite cable, known as aluminum cable steel 
reinforced (A.C.S.R.), consisting of a central core of one or more 
galvanized high-strength steel wires surrounded by one or more 
layers of high-conductivity aluminum wire. This type of cable 
combines the high strength of the steel with the high conduc- 
tivity and light weight of aluminum. 
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161. Fabrication of Aluminum Alloys—The aluminum alloys 
used for structural purposes can be fabricated with much the 
same equipment as that used for steel. The principal exception 
is that quenched and aged alloys cannot be welded or worked at 
temperatures above 400'^ F. (205° C.), as this would destroy the 
effect of the heat treatment. If such hot working is necessary, 
the piece must be heat treated again after forming. The high- 
strength alloys are relatively soft as quenched and can be sub- 
jected to considerable distortion before aging starts. The lime 
available for such forming befon^ the alloy becomes too hard 
varies between one and several hours, depending on composi- 
tion. An alternate method of forming duralumin-type alloys 
consists of heating to 900 to 950*^ F. (480 to 510^ C.) under close 
pyrome trie, control and foiming the hot alloy in a cold die of suffi 
cicntly large cross-section to provide an effective cjuench. This 
process (patented) eliminates the necessity of a second quenching 
and aging treatment, which, because of possible warping, is not 
always practicable for fabricated sections. 

Aluminum alloys can be riveted, sheared, drilled, or punched 
with the same equipment as that used for steel. While tools 
commonly used for machining steel will perform satisfactorily 
on aluminum, for the best grade of work more top and side rake 
are used on aluminum than on steel; the tools are kept very sharp, 
and the tool surfaces are kept smooth and bright. High-carbon 
steel tools are usually satisfactory, but high-speed steel and tung- 
sten carbide are more frequently employed in production machin- 
ing. For automatic screw machine work 17S-T and a special 
free-cutting alloy (iiS) containing— in addition to copper, man- 
ganese, and magnesium-~o.5 per cent each of lead and bismuth 
are commonly used. Aluminum and its alloys cannot be cut 
with a torch, but they can be joined by gas, metallic- or carbon- 
arc, atomic-hydrogen, or resistance welding. In any welding 
process, a refractory oxide forms which necessitates the use of a 
flux to produce a sound weld. In general, the welding of alumi- 
num and its alloys is no more difficult than the welding of most 
of the other common metals. Owing, however, to some of the 
characteristics of aluminum, considerable training and experi- 
ence are required to produce uniformly high quality welds. 

162, Properties of the Wrought Alloys— The tensile and en- 
durance properties of the principal wrought alloys are given in 
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Table 19. For some applications, the heat-treated alloys S.A.E. 
26 and 24 (Alcoa 17S and 24S) are cold worked slightly before 
use. This increases the tensile strength over that shown in Table 
19 by about 3000 lb. per sq. in. and the yield strength by about 
10,000 lb. per sq. in. and reduces the elongation from 20 to 13 
per cent in 2 in. 

The specific gravity of the wrought alloys is about the same as 
of the casting alloys (see p. 306), namely, in the range of 2.66 to 
2.92 depending upon composition. The electric conductivity of 
aluminum is lowered by alloying and is affected by heat treat- 
ment and by mechanical working. For wrought material, it varies 
from about 50 per cent of the international copper standard for 
annealed alloys to about 30 per cent for some of the heat-treated 
alloys. The coefficient of thermal expansion is about twice that 
of steel. 

The Brinell hardness of the wrought alloys (500-kg. load, 
lo-mm. ball) varies from approximately 30 to 85 for untreated 
alloys (S.A.E. 29, 20, and 201), and from 30 to 120 for the heat- 
treated material, depending upon the temper. Endurance limits 
(based on 500 million cycles) are low; the endurance ratio is 
highest for the annealed alloys and is only about 0.25 for heat- 
treated high-strength sections. It is characteristic of the annealed 
alloys that the endurance limit is higher than the yield strength. 

Both wrought and cast alloys are heat treated by heating 
between 910 to 980° F. (490 to 525° C.), depending on the 
alloy, followed by quenching in cold water. The precipitation 
hardening (aging) treatment depends upon the composition: for 
the duralumin-type alloys—S.A.E. 26 and 24--it is 3 to 4 days at 
room temperature; other alloys are aged from 1 to 18 hr. at tem- 
peratures ranging from that of boiling water to 325® F. (160° C.). 
In the case of the duralumin-type alloys, about 90 per cent of the 
aging occurs in the first 24 hr. 

163. Characteristics and Applications of the Wrought Alloys 
—The principal characteristic of the wrought alloys, especially of 
those responding to heat treatment, is a high strength-weight 
ratio; in other words, the specific strength (strength divided by 
specific gravity) is high. This is discussed in section 168. It is 
sufficient to note here that this characteristic is the one which 
is primarily responsible for the wide use of these alloys in air- 
craft construction. For some applications the low modulus of 
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elasticity, 10,3 million lb. per sq. in., may be a distinct disad- 
vantage. 

Alloys which are not heat treated— S.A.E. 29, 20, and 201 
(Table 19)— are used chiefly in the form of sheet, plate, and 
extruded shapes and to a lesser extent as bars, rods, and tubing. 
They are low in price, are readily formed and easily welded, and 
have high resistance to corrosion. They are, consequently, widely 
used where their properties suffice: for example, bus and truck 
bodies, low-stressed parts of railway cars, airplanes and boats, 
cooking utensils, chemical equipment, shipping containers, and 
architectural trim. 

The three duralumin-type alloys— S. A. E. 26, 24, and 27— arc 
used extensively in aircraft, and also as structural shapes in other 
fields. Alloy 26, usually known as duralumin, is available as 
sheet, plate, tubing, bars, rods, wire, rivets, forgings and struc- 
tural shapes and was, in the past, used widely in aircraft con- 
struction. In recent years, however, it has been superseded 
largely by alloy 24, the so-callcd supcrduralumin, which has 15 
or 20 per cent higher strength. Alloys 24 and 26 are both avail- 
able as “Alclad” sheet (discussed below) which is rapidly assum- 
ing a role of importance in aircraft construction. Alloy 27 is a 
forging alloy and is largely used for connecting rods and pro- 
peller blades (Fig. 106). Alloy Alcoa 14S is a high-strength forg- 
ing alloy, used for aircraft fittings and for connecting rods and 
crankcases. Alloy Alcoa 27S is a special-purpose alloy used almost 
exclusively in the form of plate and structural shapes. Alloy 
S.A.E. 280, owing to the ease with which it may be hot worked, 
is used for crankcases and other difficult forgings. 

The aluminum alloys, as a class, are highly resistant to corro- 
sion in most atmospheres and in many common chemicals and 
solutions. In common with all other metals they are, of course, 
not corrosion resistant under all conditions of service and must 
be employed with full knowledge of their characteristics and 
limitations (see Chapter 20). In general, the strain-hardened 
wrought alloys are somewhat more resistant to corrosion than 
the heat-treated alloys and, in most cases, an artificially aged alloy 
is less resistant than one which ages at room temperature. Heat- 
treated alloys which have not received a rapid quench, or which 
may have been subsequently reheated, may be subject to inter- 
granular corrosion. From the viewpoint of composition, alloys 
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containing magnesium and silicon (alone or combined) generally 
are more resistant to corrosion than those containing copper as 
the principal alloying element. Various methods of coating the 
surface to increase corrosion resistance are used, such as paint, or 
an anodic or "Alclad” coating. In its most common form, Alclad 
sheet consists of a strong alloy core with a thin bonded surface 



Fig. loG—Aluminum-alloy adjustable propeller blades (Aluminum Company 

of America). 


layer of high-purity aluminum. In the form of Vig- to i^-in. sheet 
the tensile and yield strengths of Alclad 17S-T are about 3000 lb. 
per sq. in. lower, and the elongation is about 2 per cent lower, 
than for the uncoated material. For design values, properties 
equivalent to those of uncoated sheet are secured by using slightly 
thicker material. 
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164. General Characteristics of Aluminum Casting Alloys-- 
The aluminum alloys, in general, are readily cast in sand molds 
and permanent (metal) molds or by pressure die casiing. Since 
the three processes vary to a marked extent, it is obvious that all 
alloys are not equally suitable for the three types of products, 
nor are the products of the three entirely comparable. Although 
it is not the purpose of the discussion in this chapter to describe 
the casting of aluminum alloys in detail, it is important that the 
engineer recognize the differences between the three processes in 
order to select intelligently the one best suited for the application 
at hand. 

Sand castings of almost unlimited size and shape can be made 
from scores of aluminum alloys, each having unique properties 
or foundry characteristics. Where only a few castings are re- 
quired, or if the casting is relatively large, sand castings are 
indicated. On the other hand, when large numbers of relatively 
small parts are required, or if a smooth surface and a minimum 
amount of machining are desired, permanent-mold or die castings 
are to be preferred. The method of casting, too, affects the prop- 
erties to be expected from a* given composition, permanent-mold 
and die castings usually having a somewhat higher strength than 
sand castings. In general, when the number and the size of the 
castings to be made would justify the use of any of the three 
methods, die castings are the cheapest and can be cast to the 
closest tolerances, while sand castings will cost the most and will 
require the broadest tolerances. 

The alloys whose principal characteristics are given in Table 20 
can be divided broadly into five classes. The first of these in- 
cludes S.A.E. alloys*33, 36, and 31 (Alcoa 1 12, 212, and 645) which 
are low-cost general-purpose alloys of moderate strength as cast 
and are relatively easy to machine. These alloys are not so corro- 
sion resistant as some of the others, but they are used widely for 
crankcases, transmission cases, housings, and many other auto- 
motive and aircraft castings in which light weight is more impor- 
tant than strength or resistance to corrosion. The second class 
includes S.A.E. alloys 38 and 324 (Alcoa 195 and 220). These are 
high-strength, heat-treated alloys used primarily for structural 
parts where the strength-weight ratio is important. The former 
is the original heat-treatable aluminum casting alloy and has 
somewhat better foundry characteristics, but a lower resistance 
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to corrosion, than the latter. Where its strength is adequate, 
S.A.E. 38 alloy is preferred to S.A.E. 324 because of its lower cost 
and better foundry characteristics. 

The third class, in wliith silicon is the cliicf alloying elemeiu, 
includes S.A.E. alloys 35, 37, 322, and 323 (Alcoa 43, 47, 355, and 
356). These alloys are noted for their good foundry character- 
istics, permitting thin intricate castings to be poured readily, and 
have good resistance to salt-water corrosion. Their strength, even 



Fig. 107— Cast aluminum-alloy piston (Aluminum Company of America). 


when heat treated (Table 20), is less than that of S.A.E. 38 and 
324 alloys, but they are more ductile and shock resistant than the 
alloys of aluminum and copper (S.A.E. 31, 33, and 36). . They are 
leak-proof and are used for marine castings, water-cooled cylinder 
heads, and a large variety of small castings. The alloys of this 
class are cast in sand or, frequently, in permanent molds. 

The fourth class includes Alcoa alloys 214 and 216, alloys 
which have good strength and ductility as cast and are corrosion 
resistant and leak-prooL They are difficult to cast into thin sec- 
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tions, but their specific gravity is low, their strength-weight ratio 
is high, and their resistance to most corrosive media is excellent. 

The fifth class, mentioned in the previous section and in an 
earlier chapter (section 144), includes S.A.E. 39 and 34 (Alcoa 
142 and 122). These alloys are used chiefly for pistons of auto- 
motive and aircraft engines (Fig. 107) and for air-cooled cylinder 
heads of aircraft engines (Fig. 108). As cast in permanent molds 
and subjected to a solution heat treatment and precipitation hard- 



tig. 108— Cast aluminum-alloy cylinder head for air-cooled airplane engine 
(Aluminum Company of America). 


ening, they have high strength and a Brinell hardness (500-kg. 
load, lo-mm. ball) of 100 to 140; they retain their strength and 
hardness satisfactorily at operating temperatures of the engine. 

165. Properties of Sand-cast Aluminum Alloys— Two general 
types of alloys are used for sand castings: (1) those whose proper- 
ties depend upon composition, and (2) those whose properties 
depend primarily upon heat treatment. Typical compositions, 
tensile properties, and general characteristics of both classes are 
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given in Table 20.^ The tensile properties are those determined 
on standard 0.5-in. test bars (Fig. 109) cast separately ® and tested 
without machining. The test specimens of aluminum alloys (as 
of all other cast metals) should, of course, be cast under condi- 
tions which duplicate as closely as possible the solidification and 
cooling of the castings. The properties of specimens machined 
from castings depend upon the location of the specimen: if it is 
taken from a thin section, which cools rapidly, the strength will 



Fig. lOQ—Standard 0.5-in. test bars for aluminum alloys (Aluminum 
Research Laboratories). 

be higher than if it is taken from a heavy section. The properties 
of separately cast bars are probably as representative of the aver- 
age properties of a casting as it is possible to attain industrially. 
Such specimens serve, moreover, to control the quality of the 
metal and the effectiveness of the heat treatment. 

As indicated by the data in Table 20, the “as-cast*' alloys have a 
tensile strength of less than 30,000 lb. per sq. in. and an elongation 
of less than 10 per cent in 2 in. It is possible by solution heat 
treatment and age hardening to secure a tensile strength of 35,000 
to 44,000 lb. per sq. in. The specific gravity of the alloys (both as 

^ See footnote 3, this chapter. 

« U. S, general specification QQ-M 151, Figs, ita and iifi. 
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* Aluminum Company of America, t Structure controlled in melting and casting. J Percentage zinc. 
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cast and as wrought) varies with composition from about 2.66 to 
about 2.92 (0.095 to 0.105 lb. per cu. in.), i.e., they are either 
slightly lighter or slightly heavier than aluminum (specific 
gravity 2.71), depending upon whether the principal alloying ele- 
ment is magnesium or copper. 

The modulus of elasticity of all aluminum alloys is approxi- 
mately 10.3 million lb. per sq. in., i.e., about one third of that of 
steel. The Brinell hardness of '‘as-cast’' alloys ranges from about 
40 to 70 (500-kg. load, 10-mm. ball), while for the heat-treated 
alloys a hardness value of 75 to 100 is common. The endurance 
limits for the alloys listed in Table 20 range from 6000 to 9500 lb. 
per sq. in. This gives an endurance ratio of 0.25 to 0.38 for cast, 
and of 0.17 to 0.28 for heat-treated, alloys, based on a rotating- 
beam test of 500 million cycles. These ratios are one third to one 
half of those usual for carbon and low-alloy steels. 

166. Permanent-mold and Die Castings— Casting aluminum 
alloys in permanent molds by gravity, or under pressure, is widely 
practiced, especially for pistons and other simple sections. The 
compositions of the alloys used for die and permanent-mold cast- 
ings may be the same as for sand castings or they may be modified 
somewhat. Thus, alloy S.A.E. 33 (Alcoa 1 12) is used for both sand 
and metal-mold castings, and modifications of this alloy contain- 
ing 1.5 and 4.0 per cent silicon have been specially developed for 
casting in permanent molds. Pistons for internal-combustion 
engines are cast in permanent molds with alloy S.A.E. 34 (Alcoa 
122), but recently an alloy containing 0.8 per cent copper, 12 per 
cent silicon, 1 per cent magnesium, and 2.5 per cent nickel has 
been developed ® which has lower thermal expansion and permits 
a closer fit of the piston in the cylinder. Alloy 39 (Alcoa 142) is 
used most frequently for air-cooled cylinder heads for aircraft 
engines. An alloy (not included in Table 20) containing 4 pei 
cent copper and 3 per cent silicon (Alcoa 108) has excellent cast- 
ing properties and is used for sand castings; with 4.5 per cent 
copper and 5.5 per cent silicon it is used in metal molds: 

There are eight aluminum die-casting alloys with an A.S.T.M. 
specification number, three of which are included in Table 20. 
The properties of all eight alloys are very much alike: the tensile 
strength ranges from 29,000 to 33,000 lb. per sq. in. and the 


6 Aluminum Company of America, U. S. Patent 1,799,837. 
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elongation in 2 in. from 1 to 4 per cent. In general, the die-cast 
aluminum-silicon alloys (5 and 12 per cent silicon) are used where 
corrosion resistance is important. The alloys of aluminum with 
copper machine easily and have a bright color. An alloy con- 
taining both copper and silicon combines the advantages (and 
disadvantages) of both elements. In general, the design of a 
casting is much more important than the properties in determin- 
ing the choice of an alloy. 

167. Magnesium Alloys—Magnesium metal is produced in- 
dustrially by electrolysis of molten anhydrous magnesium chlor- 
ide, which is obtained from brine or sea water. Globules of 
molten magnesium, conta-ning 99.9 per cent or more magnesium, 
rise to the top of the baih and collect in a large mass, which is 
removed at intervals and is cast into ingots. Magnesium metal is 
used in pyrotechnics, for incendiary bombs and flares, for flash- 
light powder, as a base for a large number of chemicals, as a 
deoxidizer for nickel, and as an important constituent of alumi- 
num and zinc alloys. 

Magnesium metal has a tensile strength of about 18,000 lb. per 
sq. in., a yield strength of about 2500 lb. per sq. in., and an 
elongation of 10 per cent in 2 in. By alloying with 2 to 13 per 
cent aluminum the tensile strength is doubled and the yield 
strength is increased 500 to 800 per cent. All the magnesium- 
aluminum alloys may be heat treated and age hardened. The 
magnesium alloys are cast in sand or in permanent molds, or into 
ingots which are extruded into a number of forms. After extru- 
sion, the alloys are rolled or forged into bars, sheets, angles, I- 
beams, or other sections. Tubes as large as 6 or 7 in. in diameter 
can be extruded. Sheets are hot rolled at a temperature of 600 
to 800° F. (315 to 425° C.) and are finished to exact size by cold 
rolling. 

Magnesium alloys weigh one third less than the alloys of 
aluminum (specific gravity about 1.8), and in the form of cast- 
ings and wrought sections they are used primarily by the aircraft 
industry for housings, pans, cases, and covers of various kinds and 
for a large number of lightly stressed fittings. In Europe con- 
siderable use has been made of these alloys for propellers, cowling, 
fuel tanks, and a few structural members; in this country they are 
rarely used for highly stressed parts. Magnesium alloys are 
machined readily and can be welded. Their greatest handicaps 



Table 21. Typical Compositions and Tensile and Endurance Properties of Magnesium Alloys 
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are the low modulus of elasticity of 6.5 million lb. per sq. in. and 
their susceptibility to salt-air or salt-water corrosion which may be 
serious unless the surface is well protected. Typical compositions 
and tensile and endurance properties are given in Table 21.*^ 

168. Strength-weight Ratios of the Light Alloys— There are 
many structures, of which the airplane and the streamlined rail- 
way train are outstanding examples, in which dead weight must 
be kept at a minimum. In such structures, two factors must be 
given special consideration. These are the strength-weight ratio 
and the relative stiffness. The strength-weight ratio, usually 
called specific tensile sti mgth, specific yield strength, or specific 
endurance limit, is the quotient of the actual property, in 
pounds per square inch, divided by the specific gravity. The 
relative stiffness depends, of course, on the modulus of elasticity. 
There has been considerable interest in these factors lately.® 

The specific-strength values of some ferrous and non-ferrous 
structural materials are given in Table 22.® On the basis of these 
data, an alloy steel, such as chromium-molybdenum, heat treated 
to a tensile strength of more than 150,000 lb. per sq. in. has the 
best specific properties and should, therefore, be the best struc- 
tural material for saving dead weight. Magnesium alloys rank 
second and, on this basis, might be considered the best of the 
cast materials. Heat-treated cast and wrought aluminum-copper 
alloys have high specific tensile strength and yield strength, but 
their specific endurance limits are low. Although such data as 
are given in Table 22 are important, they should, of course, not 
be the sole criterion of the value of a metallic material for a 
specific use. There are other factors, such as ductility, impact 
resistance, notch sensitivity, damping capacity, corrosion resist- 
ance, and others, that have to be considered (in addition to cost) 
and that may be decisive. In many structural applications stiffness 
is very important. If a steel beam has a stiffness of 100, a beam 
of the same dimensions of a heat-treated aluminum alloy will have 

7 Same source as Tables 19 and 20. 

8 See for example, “Symposium on Structural Application of Steel and 
Light-weight Alloys,” Trans. Am. Soc.. Civil Eng., Paper 1979, v. 102, 1937, 
pp. 1181-1483. 

» Most of the data in Table 22 are taken from a paper by A. W. Winston, 
in “Symposium on Structural Application of Steel and Light-weight Alloys” 
(see previous footnote), pp. 1385-1396. 
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a stiffness of 33. The stiffness of a comparable beam of heat- 
treated magnesium alloy is only 22 . By a small increase in the 
depth, however, an aluminum- or a magnesium-alloy beam can 
be made as stiff as the steel beam and still retain much of the 
weight advantage. 


Table 22. Specific Strengths of Common Ferrous and Non-ferrous 
Structural Materials 



Tensile 

Yield 

Endurance 


strength, 

strength, 

limit, 

Material 

lb. per sq. in. 

1 lb. per sq. in. 

lb. per sq. in. 


A ctual 

Specific 

Actual 

Specific 

Actual 

\ 

Specific 


Cast 


Mg-Al, heat treated, 

36,000 

19,700 

13,000 

7,100 

10,000 

5.500 

A.S.T.M.B80-38T-4 
Al-Cu, S.A.E. 36 

22.000 

36.000 

7,800 

14,000 

5,000 

7.500 

2,700 

Al-Cu, heat treated, 

13,000 

22,000 

7,900 

6,000 

2,200 

S.A.E. 38 

Gray cast iron 

Cast steel, 0.30% carbon 1 

40.000 

76.000 

5,600 

9,700 

42,000 

5.300 

20.000 

33.000 

2,800 

4,200 


Wrought 


Chapter i8 


COPPER AND COPPER-BASE ALLOYS AS 
ENGINEERING MATERIALS 

JEmPHASIZING the im )orrance of copper and its alloys as 
engineering materia js is as unnecessary as pouring jrcrfume on the 
rose. These metals are such an integral, but commonly unno- 
ticed, part of our daily life that even the housewife in the kitchen 
and the clerJc in the store would find it difficult to establish a 
new routine of existence if copper suddenly disappeared from the 
world. Judged solely from the standpoint of absolute value to 
mankind, copper and its common alloys, the brasses and the 
bronzes, cannot compete with carbon steels, but each is of vital 
importance to our civilization and could hardly be eliminated 
without destroying or at least seriously crippling most branches 
of industry. 

It has been said with justification that electricity is the elixir 
vitae of machine civilization. It is difficult to conceive of an 
electrical industry if copper and its ores had never been known, 
unless nature had provided man with a substitute of equal con- 
ductivity, plasticity, and cost. Second only lo high conductivity 
in importance is the resistance of copper and some of the copper- 
rich alloys to corrosion in certain environments, especially sea 
air and sea water. 

The average automobile uses 45 lb. of copper and its alloys, 
the average steam locomotive 4500 lb., and the modern steamship 
more than 3,000,000 lb. as castings, in pipes and tubes, and in 
electrical equipment. No metal has proved so suitable for steam- 
ship propellers as manganese bronze; four of these, weighing 37 
tons each, drove the “Queen Mary“ across the Atlantic Ocean in 
four days. 

With two or three exceptions, the copper and copper-rich 
alloys discussed in this chapter have been important engineer- 
ing materials for years and, unlike some of the light alloys 
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discussed in the previous chapter, are covered by specifications 
of the American Society for Testing Materials.^ In addition, 
most of them also conform to specifications adopted by the 
Society of Automotive Engineers, the Association of American 
Railroads, the American Society of Mechanical Engineers 
(Boiler Construction Code), the American Standards Asso- 
ciation, the U. S. Navy, and the U. S. Army, and to general 
Federal specifications. These standards— especially those issued 
by A.S.T.M. —should be consulted for exact chemical com- 
position and for minimum mechanical-property and other re- 
cjuircmeiUs which must be met before the material can be 
considered to be of good commercial quality. 

169. Manufacture of High-purity Copper— Although copper is 
present in the earth's crust to the extent of only 0.0 1 per cent, ore 
deposits of commercial importance arc fairly widespread. Com- 
pared with iron ores, copper-ore deposits of commercial quality 
are lean. TJie ores of the United States contain on an average 
somewhat less than 2 per cent copper. In the important ores, 
copper occurs as the oxide, carbonate, silicate, and sulphide, of 
which the last named is the most abundant. In some parts of the 
world, notably in the vicinity of Lake Superior, long weathering 
of copper ores followed by reduction of the resulting oxide or the 
carbonate, or the deposition of copper from solution, has produced 
large deposits of relatively pure native metal, which was distrib- 
uted far to the south by the glaciers. Native copper was the 
only metal (except small quantities of meteoric iron) used by the 
American Indians for tools and weapons until the white man 
arrived. 

The production of high-purity copper from lean sulphide ores 
is a complex process, but copper exceeding 99.9 per cent purity 
can be produced cheaply. In brief, the process consists of concen- 
trating and roasting the complex sulphide ore (copper, plus iron, 
plus other metals) to form oxides and to eliminate some of the 
sulphur and arsenic as the oxide. The roasted concentrate is 
smelted with coke and a flux in a reverberatory furnace to remove 
part of the iron. The copper and iron sulphides fuse into a matte 
containing about 40 per cent copper. This matte is charged into 
a Bessemer converter and is blown in a manner similar to the 


iSee AS.TM, Standards, Part I, Metals, 1959. 
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refining of pig iron to produce Bessemer steel. The copper and 
the remaining iron sulpliides arc oxidized, and the iron oxide 
combines with silica to form a silicate slag. The result of these 
reactions is “blister copper*' containing 95 to 97 per cent copper 
and considerable copper oxide. 

In additic^n to copper oxide, blister copper contains small 
amounts of sulphur, iron, lead, arsenic, antimony and possibly 
other elements, and frequently 25 to 50 cents worth of gold and 
silver per ton. The final step consists of casting the blister copper 
into blocks which are electrolyzed. Electrolytic copper contains 
99.95 per cent or more copper, with sulphur as the principal 
impurity. About 25 per cent of the electrolytic copper produced 
is used for making copper-base alloys; the remainder is melted in a 
large reverberatory furnace, oxidized to lemove sulphur, and 
then “poled.” This consists of inserting green wood poles be- 
neath the surface of the molten metal. In the reaction between 
the wood and the molten copper oxide enough oxygen is removed 
so that the remainder, 0.03 to 0.04 per cent, when evolved during 
solidification, exactly balances the normal shrinkage of the metal. 
Poled copper is known as “tough-pitch.” Its density in the cast 
condition is approximately 8.5 g. per cu. .,cm., compared with 
8.94 for the pure metal. Tough-pitch copper is used for wire for 
electric conductors, for sheets, and for many other purposes. 

Lake (Superior) copper, which constitutes about 15 per cent of 
the commercial copper in the United States, is— as previously 
mentioned— a high-purity native copper and does not usually need 
electrolytic refining. It differs from electrolytic copper in that it 
may contain a small amount of silver (which does not affect con- 
ductivity) and from 0.002 to 0.04 per cent or even more arsenic 
which, in the higher amounts, may reduce relative conductivity 
from 100 to 40 per cent. 

A recent development in copper refining is the production of 
oxygen-free copper. Oxygen in tough-pitch copper is present as 
cuprous oxide particles, which are almost completely insoluble 
in the solid metal. For most purposes this oxide is not harmful, 
but if extremely high ductility is essential, the copper should be 
practically free from oxygen. The oxide is also harmful if the 
copper is heated in an atmosphere containing hydrogen as this 
gas diffuses into the metal, reacts with the oxide, and causes 
brittleness. There are two types of oxygen-free copper. The 
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more common one is produced by deoxidizing the molten metal 
with phosphorus or some other element having a high affinity 
for oxygen. The residual phosphorus, although only about 0.02 
per cent is present, reduces the electric conductivity as much as 
20 per cent. To produce high-conductivity oxygen-free copper 
(known as OFHC), very pure copper is melted and cast in an 
atmosphere free from oxidizing gases. A recent innovation con- 
sists of granulating brittle copper cathodes, which have been 
deposited electrolytically and which are free from oxygen, fol- 
lowed by “coalescing” these in a press at high temperatures, which 
welds the particles together and extrudes the metal as a solid bar. 

Copper is malleable and is hot and cold worked into sheet, 
plates, tubes, and a variety of other shapes. As in the case of 
most other metals and alloys, cold working increases strength and 
reduces ductility. 

170. Properties and Uses of High-purity Copper— Copper has 
the highest electric conductivity of all the common metals. On 
a strength basis, its conductivity is more than twice that of high- 
purity aluminum. About one half of the 800,000 tons of copper 
consumed in the United States in 1937 was used for electrical 
equipment and for wire in light and power lines. When annealed, 
high-purity copper has a conductivity of 100 per cent according 
to a standard set up in 1913 by an international commission. 
Recently improved methods of purification have resulted in con- 
ductivities as high as 102 per cent. 

Copper is also the best heat conductor of any of the commercial 
metals, which makes it (and its alloys) useful as cooking utensils 
and as radiators and other heat-dissipating apparatus. In general, 
copper and the copper-rich alloys have excellent resistance to 
corrosion by the atmosphere and by water. Owing to this corro- 
sion resistance and to a reasonable price, copper and some of its 
alloys are widely used by the building industry for roofing, down- 
spouts, gutters, screens, drainage and water pipes, and for hard- 
ware and interior fixtures. When exposed to the atmosphere 
for long periods, copper oxidizes and forms a green patina which 
is ornamental in addition to being adherent and protecting the 
underlying metal from further attack. Approximately 10 per 
cent of the copper consumed annually is used by the building 
industry. 

Copper and copper-rich alloys have a wide range of mechanical 
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properties. Annealed high-purity copper has a tensile strength 
of approximately 30,000 lb. per sq. in., an elongation in 2 in. of 
about 60 per cent, and a reduction of area of as much as 90 per 
cent. It is, therefore, weaker and more ductile than high-purity 
iron. At the other extreme, precipitation-hardened copper-beryl- 
lium alloys may have a tensile strength of 190,000 lb. per sq. in. 
with accompanying low ductility. 

The tensile strength of high-purity copper may be increased to 

65.000 or 70,000 lb. per sq. in. by drastic cold working; elongation 
is lowered to about 5 ptT cent. According to Gillett,^ the endur- 
ance limit of annealed tough-pitch copper is approximately 

10.000 lb. per sq. in., and cold working increases it to as much 
as 20,000 lb. per sq. in. The modulus of elasticity is approxi- 
mately 16 million lb. per sq. in. 

For some applications the low strength of high-purity copper 
wire is a distinct disadvantage. Unfortunately, most alloying ele- 
ments added to increase strength reduce conductivity to a fraction 
of the value for high-purity copper. A satisfactory compromise 
between increase in strength and decrease in conductivity results 
from the addition of small amounts of cadmium. The effect is 
shown in Table 23 which gives minimum tensile-strength and 
conductivity values of copper arid copper-cadmium alloys in com- 
parison with brass and bronze. 

Table 23. Tensile Strength and Conductivity of High-purity 
Copper and Copper-rich Alloy io-gage (Brown and Sharpe) Wires 
(0.102 IN. Diameter) 


Material 

Composition , 
per cent 
{balance copper) 

Minimum 
tefisile 
strength, 
lb. per sq. in. 

Minimum 
conductivity, 
per cent 

Copper, soft 


37,000 

98 

Copper, medium hard 


50,000 

97.5 

Copper, hard drawn 


64,300 

96 

Copper-cadmium 

0.8 Cd 

79,200 

85 

Copper-cadmium 

i.o Cd 

83,400 

80 

Copper-cadmium 

0.8 Cd, 0.5 Sn 

90,000 

55 

High-strength bronze ^ 

1.2 Sn 

84,000 

40 

Silicon bronze 

2.0 Sn, 0.75 Si 

123,900 

12 

Brass, cold drawn 

20.0 Zn 

127,000 

25 


^Metals and Alloys, v. 3, 1932, p. 200. 

3 Based on data by C. H. Davis in Symposium on High-strength Construc- 
tional Metals, American Society for Testing Materials, March 1936, pp. 79-94. 
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171. Nomenclature of the Copper-rich Alloys— Although the 
copper industry is no worse than the steel industry in the use of 
trade names and in confused nomenclature, so many misnamed 
alloys are (ommonly used that some attention to this subject— 
to amplify the brief discussion in Chapter 1 (p. 13)— seemed 
advisable. The most common examples of confused nomencla- 
ture are calling a copper-zinc alloy “bronze" if it has a color 
resembling that of the copper-tin alloys, or calling a copper-zinc- 
nickel alloy “nickel silver" if it has a silvery white color. This 
confusion is regrettable, but in most cases nothing can be done 
about it as the names are firmly fixed by years of usage. The 
important fact to remember about the copper-rich alloys is that 
the name may be more descriptive of color than of composition, 
and that a “bronze" may contain no tin and may even be a brass; 
likewise, nickel silver contains no silver. 

The usual name and the typical compositions of some common 
copper-rich alloys are given in Table 24. It is evident that 
manganese bronze (alloy 2), hardware bronze (alloy 10), and 
commercial bronze (alloys 11 and 12) are in reality brasses. The 
only true bronzes given in Table 24 are alloys 13 and 14, which 
are copper-tin alloys deoxidized by phosphorus. Nickel silver, 
formerly known as German silver, is the name of a group of 
brasses, containing 17 to 28 per cent zinc, in which a considerable 
part of the copper is replaced by nickel. The composition of two 
of these alloys is given in Table 24. Another example of con- 
fused nomenclature is the casting alloy containing 85 per cent 
copper and 5 per cent each of zinc, tin, and lead. As this alloy 
contains 5 per cent tin, it is as much of a bronze as it is a brass, 
but it is called red brass and is, consequently, sometimes confused 
with wrought red brass which contains 85 per cent copper and 
15 per cent zinc (alloy 9, Table 24). 

172. Characteristics and Uses of the High Brasses— As shown 
by the diagram in Fig. 100, 39 per cent zinc dissolves in copper 
at room temperature. Alloys containing less than this percentage 
of zinc— when in a state of equilibrium— are, therefore, single- 
phase solid solutions and are known as alpha brasses. As shown 
also by Fig. 100, alloys containing about 36 to 39 per cent zinc 
may have a duplex structure if heated to a high temperature but 
should be single phase at room temperature. Actually, how- 
ever, owing to a phenomenon known as coring, cast alloys usually 
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have a duplex structure if the zinc is higher than 31 or 32 per cent. 
A zinc content of 35 per cent is about the maximum for an alloy 
that is to be fabricated as a single-phase material. 

Although there is a continuous series of alpha brasses contain- 
ing from 5 to 39 per cent zinc, these alloys are commonly and 
arbitrarily divided into two classes: high brass, containing 30 per 
cent or more zinc, and low brass, containing approximately 25 
per cent zinc or less (Table 24). Since zinc is cheaper than 
copper, it follows that high brass is used as widely as possible, 
and that the zinc content is usually close to the upper limit, which 
is about 35 per cent. 

Table 24. Typical Compositions of Some Common Wrought Copper- 

rich Alloys 


Alloy 

No. 


Common na^nc 


Composition, per cent 


•I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

• II 

12 

13 

14 

15 

16 


Muntz metal 
Manganese bronze 
Leaded brass 
High brass 
Cartridge brass 
Nickel silver 
Nickel silver 
Low brass 
Red brass 
Hardware bronze 
Commercial bronze 
Leaded commercial 
bronze 

Phosphor bronze 
Phosphor bronze 
Aluminum bronze 
Aluminum bronze 


Cu 


60 
59 

61 

65 

70 

55 

^5 

80 

85 

85 

90 

88.5 


Zn Sn 


40 

39 0.7 

36 . . . . 


35 

30 

27 

17 

20 


15 

13.3 

10 

10 


Ph 


3 


L7 

1-5 


Ni 


Mn 


Al 


0.5 


18 

18 


Fe 


0.8 


P 


96 

92 


5 

8 


95 

92 


5 

8 


0.15 

0.15 


Although the alpha brasses can be hot worked commercially if 
they are free from lead, they are not so plastic at elevated tem- 
peratures as the beta alloys. In common with most solid solu- 
tions they are, however, plastic at room temperature and can 
be readily drawn, rolled, or spun into a variety of shapes. In 
fact, these alloys combine a degree of plasticity, strength, duc- 
tility, corrosion resistance, pleasing color, and low cost unattain- 
able in any other material of engineering importance. Alloys 3, 4, 
and 5 are used for a large variety of cast and wrought sections, 
especially hardware and pipe fittings, for tubes and pipe, for 
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ornamental sections and building trim, for cartridge cases, radia- 
tor cores, grill work, springs, and for many kinds of nails, screws, 
and rivets. ^ 

Muntz metal and its modification, manganese bronze (alloys i 
and 2, Table 24), usually contain beta phase at room temperature 
(see Fig, 100) which reduces plasticity when the alloys are cold. 
These materials are, however, characterized by extreme plasticity 
at a red heat and can readily be extruded or rolled. Owing to 
their resistance to atmospheric and water corrosion, these two 
alloys, especially manganese bronze, are used extensively for 
extruded or hot-rolled pipes and condenser tubes. Muntz metal 
is now being replaced, particularly for condenser tubes in marine 
equipment, by a brass known as admiralty metal. This contains 
not less than 70 per cent copper, 1 per cent tin, and the remainder 
zinc. Other than for condenser tubes, admiralty metal, so called 
because it was developed by the British Admiralty, is used for 
preheaters, evaporators, air-conditioning equipment, and in other 
applications where high resistance to salt water, fresh water, oil, 
or steam is required. Admiralty metal is an alpha-phase alloy 
and is not so easily hot worked as Muntz metal and manganese 
bronze, but it is readily worked when cold. 

In general, the machinability of the annealed, non-leaded 
brasses is about the same as that of low-carbon steel, in other 
words, they are too soft and gummy to be cut readily. Cold 
working, however, improves machinability, which is also greatly 
improved by adding lead (see section 86). Alloy 3 (Table 24) 
can be machined readily in automatic machines. If this alloy is 
given a machinability rating of 100, the same brass containing 
only 1 per cent lead will have a rating of 70 (determined under 
the same conditions), and alloy 4— without lead— will have a 
rating of only 30. However, lead reduces ductility, i.e., it makes 
the brass more difficult to deform cold and makes it virtually 
impossible to work the alpha-phase alloys at elevated tempera- 
tures. 

173. Characteristics and Uses of the Low Brasses and the 
Nickel Silvers—As the amount of zinc in brass is reduced, the 
yellow color changes to red. Alloys 8, 9, 10, 11, and 12 (the last 
two of which are called bronzes because of their color) are used 
for hardware, ornamental and architectural sections, wire for 
screens, and for costume jewelry, in addition to being used for 
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tubes, pipe, radiator valves, and other fittings for low-pressure 
water and steam. An advantage of the low brasses is that, when 
the copper exceeds 8o per cent, the alloy is not subject to “season 
cracking,” a phenomenon prevalent in the high brasses when they 
are exposed to a combination of corrosion and stress. Season 
cracking is the spontaneous failure of the stressed material after 
a considerable time in a corrosive environment, especially in 
atmospheres containing ammonia. The time element depends 
upon the severity of the stress and the severity of the corrosion. 
Stress caused by cold working, or applied externally, is necessary 
for failure of this type. 

The low brasses, like the high brasses, are readily deformed 
cold provided the lead content is low. Also like the high-zinc 
alpha brasses, they are difficult to hot work although commercial 
bronze (alloy ii. Table 24) can be rolled or pierced and, to a 
limited extent, pressed or extruded provided more than traces of 
lead are absent. 

There are several nickel silvers in addition to alloys 6 and 
7 of Table 24. Most nickel silvers have a copper content of 
45 to 65 per cent. A fairly common alloy is the one containing 
75 per cent copper, 20 per cent nickel, and 5 per cent zinc, usually 
sold under the trade name Ambrac. All the nickel silvers can 
be classed as low brasses containing nickel. If the copper plus 
nickel exceeds 63 per cent, the alloys contain only alpha phase. 
They can be hot worked readily only if the zinc is about 40 per 
cent or less than 10 per cent, but they can be cold worked easily. 

Nickel silvers are valuable because of their white color, a corro- 
sion resistance that is generally superior to that of the common 
brasses, good mechanical properties, and moderate cost. The 
effect of composition on color is shown by Fig. 110.* The nickel 
silvers are used chiefly for ornamental metal work, as a base for 
silver- and gold-plated ware, and for marine hardware and food- 
handling equipment. 

174. Properties of the Brasses— Some typical tensile properties 
of brass and nickel silver are collected in Table 25.® As the com- 

T. E. Kihlgren, “Properties of Wrought Nickel Silvers,” Metals Hand' 
book, American Society for Metals, Cleveland, 1939, pp. 1443-1445. 

B Based upon data in the sections on Properties of Copper and Us Alloys, 
in Metals Handbook, American Society for Metals, Cleveland, 1939, pp. 1380- 
1468. 



520 


MODERN METALLURGY FOR ENGINEERS 




COPPER AND COPPER-BASE ALLOYS 


321 


mercial coppcr-zinc alloys do not respond to heat treatment, 
variations in properties are obtained by cold working and anneal- 
ing which results, as in the case of some of the aluminum alloys, 
in various tempers, ranging from soft to half-hard, hard, and to 
spring temper. With the exception of manganese bronze and 
nickel silver, the tensile properties of all the annealed brasses are 
very similar to those of annealed or hot-rolled low-carbon steel. 
As the brasses cost five to ten times as much as low-carbon steel, 
the chief justification for their widespread use is, of course, their 
ease of working cold, their pleasing color, and their corrosion 



Nickel, per cent 


Fig. no— Effect of composition on the color of nickel silver (Kihlgrcn), 


resistance, especially to water and steam. In general, the low 
brasses are more corrosion resistant than the higher zinc alloys, 
especially in impure water and in salt water. The high brasses, 
in addition to being subject to season cracking (see p. 319), are 
also subject to ‘‘dczincification,’* or removal of the zinc, when the 
alloy is exposed to impure water or salt water. The action is 
apparently electrolytic and leaves a spongy mass of copper. 
Dezincification can cause failure in a relatively short time. Alloys 
containing 20 per cent or less zinc are not usually subject to this 
form of corrosion. Manganese bronze has high resistance to salt 
water but may be subject to season cracking and dezincification. 

The endurance limits of the brasses are low, ranging between 
10,000 and 20,000 lb. per sq. in. for 100 million cycles, which 
is equivalent to an endurance ratio of 0.20 to 0,35, or about half 
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that of Steel. Annealed brasses have a definite yield point (as 
evidenced by the drop of the beam) but cold -worked alloys do 
not. Values for yield strength reported in the literature are 
usually the stresses causing an extension of 0.5 per cent under 
load. These values are usually somewhat lower than the yield 
strength of steel which corresponds to a permanent elongation of 
0.2 per cent of the gage length. The modulus of elasticity (secant 
modulus, see p. 124) varies from 25 million lb. per sq. in. for the 
copper-zinc alloys and for manganese bronze to about 19 million 
lb. per sq. in. for nickel silver. The mechanical properties of 
brass and of nickel silver are affected by grain size which, in the 
case of worked material, depends on annealing temperature. 
Material with large grains has lower strength and higher elonga- 
tion that fine-grained material (except in very thin strip). This 
is shown for nickel silver in Table 25. 

175. The Tin Bronzes—The most important industrial copper- 
tin alloys are the phosphor bronzes which contain from as little 
as 1 per cent to as much as 1 1 per cent tin. All wrought phosphor 
bronzes are alpha-phase alloys, deoxidized by adding enough 
phosphorus to remove all but a trace of oxygen. The two most 
commonly used of these alloys (alloys 13 and 14, Table 24) are 
the ones containing approximately 5 and 8 per cent tin; another 
popular alloy contains about 10 per cent tin. Owing to their 
high resiliency and endurance limit, these bronzes are used for 
springs and diaphragms. 

Phosphor bronze is hot worked with difficulty, but cold work- 
ing is easy and the alloys are available in six tempers. These, 
and the range of tensile strengths for each temper and each alloy, 
are given in Table 26.® The actual tensile strength depends on 
the thickness of the sheet. Elongation (in 2 in.) varies from 40 
to 60 per cent for soft sheet to less than 10 per cent for the harder 
tempers. The endurance limit in the hard temper is approxi- 
mately 25,000 lb. per sq. in., and the modulus of elasticity is 15 
million lb. per sq. in., about the same as that of other copper-rich 
alloys. 

Another important copper-tin alloy— which is used in the cast 
condition— is one containing a small amount of zinc. This alloy, 

« H. C. Jennison and W. S. Girvin, “Properties of Wrought Phosphor 
Bronze," Metals Handbook, American Society for Metals, Cleveland, 1939, 

pp. 1457-1460. 
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known variously as government bronze, zinc bronze, or more com- 
monly as gun metal (in the late Middle Ages it was used for 
casting cannons), contains 88 per cent copper, lo per cent tin, 
and 2 per cent zinc— or 88 per cent copper, 8 per cent tin, and 4 
per cent zinc. It is cast readily in the foundry, has a red color, 
and combines fine grain with considerable strength, toughness, 
and resistance to salt-water corrosion. Gun metal is used for 
joints and fittings, bolts, nuts, valve and pump parts, bushings 
and bearings for steam lines, and especially in naval construction. 


Table 26. Tensile Strenghi of Phosphor-bronze Sheet 


Temper 

Reduc- 
tion by 
cold roll- 
ing, 
per cent 

Tensile-strength range, lb. per sq. in., 
for bronze containing 

5 % I'in 

8 % tin 

10% tin 

Soft 

Half-hard 

Hard 

Extra hard 
Spring 

Extra spring 

0 

20.7 

37.1 

50.0 

60.4 

68.6 

40.000 to 55,000 

55.000 to 70,000 

72.000 to 87,000 

84.000 to 98,000 

91.000 to 105,000 

96.000 to 109,000 

53.000 to 67,000 

69.000 to 84,000 

85.000 to 100,000 

97.000 to I 12,000 

105.000 to I 18,000 

1 10.000 to 122,000 

58.000 to 73,000 

76.000 to 91,000 

94.000 to 109,000 

107.000 to 122,000 

1 15.000 to 129,000 

120.000 to 133,000 


The tensile strength of cast and unmachined specimens varies 
from 30,000 to 45,000 lb. per sq. in., the yield strength from 
13,000 to 15,000 lb. per sq. in., and the elongation (in 2 in.) from 
15 to 40 per cent. Impact resistance is high. The modulus of 
elasticity is 15 million lb. per sq. in. 

176. Aluminum Bronze— The copper-rich copper-aluminum 
alloys combine the strength of a medium-carbon steel with high 
resistance to corrosion by the atmosphere, by salt water, by a 
large number of neutral and acid salts of low concentration, and 
by sulphuric acid. They are more resistant than manganese 
bronze to salt water and have good strength and ductility. The 
single-phase commercial alloys contain 10 per cent or less alumi- 
num. It was noted in section 151 that, if the aluminum is higher 
than this, the structure and properties can be changed by thermal 
treatment. This is also true of the complex alloys containing 
5 to 10 per cent aluminum and several per cent of iron, nickel, 
or manganese. By controlling the composition and by heat treat- 
ment the tensile strength of the wrought alloys can. be varied from 
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65,000 to 125,000 lb. per sq. in., with elongations varying inversely 
with the tensile strength from 5 to 70 per cent (Table 27). The 
composition and typical properties of alloys in common use 
(alloys 1 to 6) and of two special alloys (alloys 7 and 8) are 
given in Table 27.^ 

Aluminum bronze is hard to handle in the foundry. The 
alpha-phase alloys can be hot and cold worked readily, but they 
are hard to machine. Owing to its corrosion resistance, its 
strength and toughness, and its low coefficient of friction against 
steel, aluminum bronze is used for gears, valve stems, bolts and 
nuts for propellers, and for various small parts; as cast, it is used 
for gun mounts, gears, bearings, propellers, pump parts, and 
ornamental pieces, especially for service in salt air and salt water. 


Table 27. Typical Properties of Aluminum BrOiNZe 


Allov 

Compositiofi, 
per cent 

1 

Condition 

Tefisile ; 
strength, 

Yield 
strength, 
lb. per 
sq. in. 

Elonga- 
tion in 

Reduc- 
tion of 

No. 

i 

Cu 

Al 

Fe 

Ni 

lb, per 
sq, in. 

2 in., j 
per cent 

area, 
per cent 

I 

' 88 

9 

3 


Cast 

70,000 

27,000 

30 

30 

2 1 

3 i 

90 

90 

9 

10 

I 


Cast 

Cast 

65,000 

65,000 

23,000 

23,000 

30 

20 

30 

20 

^ ! 

89 

10 

I 


Cast and heal 
heated 

85,000 

55,000 

8 

10 

5 i 

88 

9 

3 


Hot rolled 

77,000 

37,000 

30 

30 

i 

95 

5 



Hot rolled 

57,000 


25 

25 

7 87-5 

5-5 


7 

Hot rolled 
Heat treated 

65,400 

1 10,000 

20,000 

103,000 

20 

73 

47 

69 

8 1 

1 

92 

' 

I 


Annealed 

Cold rolled 

81,200 

126,100 

40,000* 

93,000 

45 

7.5 

62 

35 


* Proportional limit 


177. Copper-silicon Alloys— The copper-silicon alloys, usually 
known as bronzes, of which some 20 to 25 are available under 
such brand names as Duronze, Olympic, Everdur, Herculoy, and 
others, contain 90 to 98 per cent copper, 1 to 4.5 per cent silicon, 
and small amounts of zinc, iron, or manganese, or— if easy machin- 
ability is desired— 0.25 to 0.50 per cent lead. Strictly speaking, 
the copper-silicon alloys are copper strengthened by 1 to 5 per 
cent of other elements. The strength and ductility of these alloys 

7 Jerome Strauss and L. H. Fawcett: “Properties of Aluminum Bronze/' 
Metals Handbook, American Society for Metals, Cleveland, 1939, PP- * 4 ^® 
and 1425. 
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are approximately the same as those of low-carbon steel, and the 
corrosion resistance and ease of hot and cold working are about 
the same as those of copper. Strength as well as ductility increases 
as the silicon increases up to about 4 per cent. This is shown 
by the typical properties in Table 28. Thermal conductivity 
and electric conductivity are 8 to 10 per cent of the corresponding 
values for copper, and the modulus of elasticity is 15 million lb. 
per sq, in. 


Table 28. Typical Tensile Properties of Copper-silicon Alloys 


Composition^ per cent 

Condition 

Tensile 
strength, 
lb. per 
sq. in. 

Yield 
strength, 
lb. per 
sq. in. 

Elongation 
in 2 in., 
per cent 

Cu 1 

Si 

Others 

98 0 

1-75 

0.25 Mn or Sn 

Soft 

43,000 


40 




Half-hard 

55,000 

23,000 

15 




Hard 

65,000 

35,000 

8 

95-8 

31 

I . I Mn 

Soft 

54,000 

22,000 

48 


• 


Half-hard 

75,000 

40,000 

25 


i __ 


Hard 

90,000 

54,000 

18 


The principal advantage of the copper-silicon alloys is their 
corrosion resistance in both marine and industrial atmospheres, 
in sea water and in many industrial waters, in sulphuric and 
hydrochloric acids, sulphates and chlorides, and in most alkalis 
and alkali salts. They are also resistant to alcohol and to many 
organic acids but are readily attacked by nitric acid and other 
strong oxidizing agents. The alloys can be used for working 
stresses up to 10,000 lb. per sq. in. at temperatures of 250° F. 

(120^ C.) or below, and they can be readily welded by oxyacety- 
lene, metallic arc, and resistance methods. 

The copper-silicon alloys are now used extensively for bolts, 
screws, rivets, boilers, tanks, equipment for laundries and sewage 
disposal, parts for fans, ducts, and other ventilating and air- 
conditioning equipment, chemical and electrical equipment, 
containers for gases and chemicals, and for many other purposes. 

178. Copper-beryllium Alloys— Copper-beryllium alloys are a 
development of the past eight or ten years. Their strength and 
endurance limit, after age hardening, are high when compared 
with other copper-rich alloys. This, combined with a corrosion 
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resistance that is practically the same as of high-purity copper, 
and comparatively high electric conductivity, would be respon- 
sible for fairly extensive use if the cost were lower. Beryllium 
metal which cost $1000 a pound in 1927 had been reduced to less 
than $40 by 1937, and it is estimated that the price could be 
lowered further to $5 to $10 a pound if there would be more 
demand for the metal. Assuming, however, that the cost of 
beryllium is $15 a pound, an alloy of 97.5 per cent copper and 
2.5 per cent beryllium would cost between 55 and 75 cents a 
pound in ingot form, which is still too high for extensive commer- 
cial use. 

At present, copper-beryllium alloys contain 2 to 2.25 per cent 
beryllium. To some 0.35 per cent nickel or cobalt is added to re- 
fine the grain. The alloys can be hot and cold worked, but not 
easily, and are available as sheet, rods, wire, and tubes. As indi- 
cated, they respond to precipitation-hardening treatments. If hot 
worked or welded, they are given a solution treatment by heating 
to 1425 to 1475° F. (775 to 800® C.) for 30 min., followed by 
quenching in water. The alloys are usually cold worked after 
the solution treatment. They are aged at 480 to 615° F. (250 to 
325° C.) for 1 to 4 hr. depending upon the properties desired. 
Typical properties are as follows: ® 


Condition 

Tensile 
strength, \ 
lb. per 
sq. in. 

Yield 
strength, 
Ih. per 
sq. in. 

Elongation 
in 2 in., 
per cent 

Brinell 

hardness 

Soft 

70,000 

175.000 

193.000 

31,000 

134.000 

138.000 

45 

6.3 

no 

Average treatment 

340 

365 

Maximum treatment 

2 . 0 




The endurance limit varies between 38,000 and 43,000 lb. per 
sq. in., and the modulus of elasticity is approximately i8 million 
lb. per sq. in. In these properties, the copper-beryllium alloys 
are superior to any other copper-rich alloy. The alloys also have 
relatively high wear resistance and are superior to phosphor 
bronze when run against steel. As stated, their cost has restricted 
their use. At present they are used to a limited extent for springs, 

8 Based on data in Metals Handbook, American Society for Metals, Cleve- 
land. 1939, p. 1412. 
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gears, diaphragms, bearings, and for other small parts in the elec- 
trical and the aircraft industries. 

179. The Copper-rich Copper-nickel Alloys—Copper and 
nickel dissolve in each other in all proportions in the solid state, 
and their alloys are free from phase changes. Some of the most 
widely used industrial alloys contain from 2 to 30 per cent nickel 



Fig. Ill— Effect of nickel on the mechanical properties of copper-nickel 

alloys (Wise). 

(the cupro-nickels) or 45 per cent nickel (Constanian). Of the 
important nickel-rich alloys, the best known is Monel, containing 
68 per cent nickel. This group is discussed briefly in the next 
chapter. 

Nickel increases the tensile strength, the yield strength, and 
the endurance limit of copper, as shown for annealed alloys in 
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Fig. in.” Even the strongest alloys are ductile and have an 
elongation of 45 to 50 per cent in 2 in. As noted in the discussion 
of nickel silvers (section i73)> the addition of increasing amounts 
of nickel to copper changes the red color to white. A 15 per cent 
nickel alloy has a faint pink tinge, and a 20 per cent nickel alloy 
is practically white. The five-cent coin of the United States, the 
“nickel,” is ^n alloy of 75 per cent copper and 25 per cent nickel. 
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Fig. ii2-~Effect of nickel on the electrical properties of copper-nickel alloys 

(Wise). 


The most common industrial alloys contain 15, 20, and 30 per 
cent nickel. The 15 and 20 per cent alloys are used for bullet 
jackets and for a large variety of parts in which the white color, 
high ductility, and corrosion resistance are of value. They were 
formerly used for condenser and other tubes for marine engines 
and oil refineries, but in these applications they have largely been 

• Based on data summarized by E. M. Wise, Metals Handbook, American 
Sodety for Metals, Cleveland, 1939, p. 1415. 
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replaced by the 30 per cent alloy. This material can readily be 
hot and cold worked and can be soldered, brazed, and welded. It 
is one of the most resistant of the copper-base alloys to salt water 
and to many of the corrosive solutions of the chemical industry. 
The cupro-nickels are generally resistant to the atmosphere, to 
industrial waters, and to many acids and alkalis. The 30 per 
cent alloy, containing also 1 per cent manganese and 1 per cent 
iron, is cast into a large variety of couplings, ells, tees, and other 
fittings for valves, pumps, and other similar applications. 

The cupro-nickels do not respond to heat treatment. As in 
the case of most solid-solution alloys, high strength can be at- 
tained only by cold working with concomitant loss of ductility. 
Cold working with a reduction of 60 per cent increases the tensile 
St) ength of a 30 per cent nickel alloy from 50,000 to 75,000 lb, per 
s(|. in. and reduces the elongation from 45 to 4 per cent in 2 in. 

Some of the copper-nickel alloys have important electric prop- 
erties. As shown by Fig. 112,^^ the electric resistance is at a 
peak and the temperature coefficient of resistance is practically 
zero in the alloy containing 45 per cent nickel. This alloy, known 
as Constantan, has high and uniform thermoelectric force against 
copper and iron and is used extensively for thermocouples for the 
accurate measurement of temperatures below 1800*^ F. (985° C). 

It should be evident from the discussion in this chapter that 
the engineer has available a wide variety of copper-rich alloys for 
use in his structures and machines. There are so many of these 
alloys that an intelligent choice of a specific one is sometimes 
difficult, especially in view of the fact that a large number of 
them are proprietary alloys for which extravagant claims arc 
occasionally made. 


E. M. Wise, loc. dt. 



Chapter 19 


MISCELLANEOUS HEAVY NON-FERROUS 
ALLOYS 


Our twentieth-century mechanized culture, and our twentieth- 
century mechanized depravity, known as war, are both built 
primarily upon six metals in addition to iron. These, in the 
order of their use by man, are copper, lead, zinc, aluminum, tin, 
and nickel. It will be noted that in the previous sentence the 
order given was “of their use by man“ and not “of their useful- 
ness to man.“ An author would need exceptional bravery to list 
these metals in the order of their importance in present-day civi- 
lization; and if this were done vocally in a company of engineers 
or metallurgists, the consequences would be disastrous. It is 
generally agreed that iron and steel are the most important— in 
peace and war— and could be spared the least. This has been 
emphasized repeatedly and, it is hoped, convincingly in previous 
chapters. It is also generally agreed that, if there were no copper, 
there would be no electrical industry, and if aluminum had never 
become available for 18 cents a pound, modern airplanes would 
still be a designer’s dream. 

The metallurgist interested in tin or lead can make out an 
equally good case for his favorite metal. In the United States 
alone, more than 10 billion tin-coated cans are used annually 
for the preservation of foods or drinks. But this is not the most 
vital use for tin. Tin and lead are important metals for bearings, 
and how could man build or operate his locomotives, steamships 
or battleships, automobiles or tanks, and airplanes without bear- 
ing metals? Without these he could not travel far, nor could he 
construct or destroy much. The metallurgists of the zinc and 
nickel industries have a harder time establishing as good a case 
for their metals as the others, but they can do it with a little effort, 
citing copper-zinc brasses, galvanized iron and steel, nickel-chro- 
mium heating elements for electric furnaces, nickel steels, iron- 
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nickel alloys in the communication industries, and other applica- 
tions in which these metals are important. 

An approximation of the amounts of the important metals used 
in the world and their prices in the United States in a fairly 
prosperous year are given in Table 29, with data on pig iron 
and on bituminous coal for comparison. Aluminum and copper 
as engineering materials have already been discussed. A brief 
survey of the other four— and of their principal alloys— and of a 
few other heavy metals and alloys follows in the present chapter. 

180. Production of Lead, Zinc, Tin, and Nickel from Their 
Ores— The production of lead, zinc, tin, and nickel from their 
ores will be dismissed with a few words, not because the processes 
are simple— indeed they are rather complex— but because it is 
tliought that these metals are not so important to most engineers 
as aluminum and copper and, thus, do not warrant detailed 
discussion. 

Table 29. World I^roduction of the Common Metals and Their 
Prices in the United States (1937)* 


Material 

Price, 
cents per 
pound 

Production, 
metric tons 

Coal 

0 I 

1,500,000,000 

Pig iron 

I 

100,000,000 

Copper 

13 

2,100,000 

Lead 

6 

1,700,000 

Zinc 

6 

1,700,000 

Aluminum 

20 

500,000 

Tin 

54 

200,000 

Nickel 

35 

1 15,000 


* Data from Mineral Industry, McGraw-Hill Book Company, Inc., New York, 1937 

The principal lead ore is galena, a lead sulphide, PbS, contain 
ing when pure 86.4 per cent lead. The ore is concentrated, and 
roasted to eliminate most of the sulphur, and the resulting oxide 
is reduced to lead bullion by coke in a blast furnace. This fur- 
nace is much smaller than the iron blast furnace: it is about 20 ft. 
high and smelts 150 to 300 tons in 24 hr. The lead bullion, 
which is contaminated by gold, silver, and other impurities, is 
refined by electrolysis or by melting and refining in a reverbera- 
tory furnace into the lead of commerce which has a purity of 
99.95 to 99.99 per cent. About 25 per cent of the lead used in 
the United States is made into lead oxide for paints and chemicals. 
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Of the remainder, a large part is used for storage batteries, cable 
coverings, ammunition, pipe and sheet for building construction, 
and in solders, bearing metals, and alloys for type. 

Most of the zinc metal produced is reduced from zinc blende 
(zinc sulphide) which is concentrated and roasted to the oxide, 
mixed with coal, and heated in a closed retort at a temperature of 
1740 to 2460"^ F. (950 to 1350° C.). This zinc distills as a vapor 
and is condensed in a separate chamber. Several grades are pro- 
duced, the most important of which are “spelter,” which contains 

98 to 99 per cent zinc and is used for galvanizing and to some 
extent for brass manufacture, and high-grade zinc, which con- 
tains 99.90 to 99.99 per cent zinc and is used for die castings and* 
for high-grade brass. Approximately 40 per cent is used for 
galvanizing, 25 per cent for brass manufacture, and 25 per cent 
for zinc-base die castings. 

The most important tin ore is cassiterite, a tin dioxide, SnOo, 
which is found chiefly in the Dutch East Indies, Straits Settlement, 
and in Bolivia. The ore is calcined, concentrated, and smelted in 
a small blast or reverberatory furnace, and the resulting metal is 
refined if necessary by electrolysis or by melting under carefully 
controlled conditions to separate the tin from the impurities 
which have different melting points. The tin of commerce has a 
purity of 99 to 99.95 per cent. Of the tin produced 45 per cent 
is used for coating steel, 20 per cent for bearing metals and solder, 
and 15 per cent in bronze manufacture. 

The greatest deposits of nickel ores in the world, found in 
Canada, contain between 1 and 4 per cent nickel as sulphide, 
usually associated with 0.5 to 3.5 per cent copper and with a 
large amount of iron, also as sulphides. The ore is crushed, con- 
centrated, and then roasted and smelted in a reverberatory fur- 
nace to a matte containing 20 to 25 per cent nickel plus copper. 
This matte is Bessemerized to remove most of the iron, and the 
nickel and copper are separated by smelting with sodium sulphide 
in a blast furnace. The process is complex. The resulting 
nickel sulphide is roasted to the oxide, which in turn is reduced 
to nickel, which is refined electrolytically. The final product is 

99 to 99.8 per cent pure. Approximately 65 per cent of the nickel 
produced is used as an alloying element in steel and cast iron, and 
about 20 per cent is used in nickel bronze and in nickel-base 
alloys. 
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181. Composition and Requirements of the Bearing Metals — 
Many requirements aic to be met before an alloy can be used 
satisfactorily as a bearing, lliese may be divided into three 
principal classes. First in importance is proper structure, i.e., 
a soft matrix with sufficient plasticity to conform to slight irregu- 
larities in the machining and alignment of the shaft, to allow 
any abrasive particles in the lubricant to become embedded in 
the bearing metal (to prevent scoring of the steel journal), and 
to retain oil (to prevent metal-to-metal contact), combined with 
a number of uniformly distributed particles which resist wear. 
Some metallurgists, however, now claim that wear-resisting par- 
ticles are not necessary for good bearings, and that the structure 
is of minor importance. 

Second, the mechanical properties must be satisfactorily bal- 
anced. The bearing must resist the shock of impact loads, and it 
must have sufficient strength, ductility, and resistance to compres- 
sion not to crack or to squeeze out under heavy loads, especially 
at the operating temperatures, which may be 200 to 300° F. (95 
to 150° C.) or even higher. 

The third requirement is easy melting and casting and, most 
important, good bonding properties. In other words, when cast 
in a strip as thin as 0.01 in., the metal must adhere firmly to the 
steel or bronze piece used as a backing and should not spall off or 
separate from the backing during operation. For some purposes, 
especially for large railroad bearings, it must be possible to remelt 
and recast the bearing metal without excessive loss by oxidation. 

In addition, the bearing metal should have high thermal con- 
ductivity, resistance to corrosion by the lubricants used, and it 
should be cheap. 

There are four classes of bearing metals. Typical compositions 
of some common alloys in these different classes, with the specifi- 
cation numbers adopted by the American Society for Testing 
Materials and the Society of Automotive Engineers, are given in 
Table 30. 

182. The White Metals—The white metals include the tin-base 
(class A, Table 30) and the lead-base (class B) alloys. The 13 
alloys in these two groups, and the numerous unimportant 
modifications which have been advocated from time to time, 
are old and well known. The tin-base alloys, commonly called 
babbitts, are widely used in automobile engines and in a large 
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Table 30. Typical Compositions of Some Common Bearing Metals 


Class 


Alloy 

No, 


Spe'^.ification 


A.S.T.M. 


B 23-26-1 
B 23-26-2 
B 23-26-3 
B 23-26-4 
B 23-26-5 


B 23-26-6 
B 23-26-7 
B 23-26-8 
B 23-26-g 
B 23-26-10 
B 23-26-11 
B 23-26-12 

B 22-38T-A 
B 22-38T-B 
B 22-38T-D 
B 30-36-15 
B 30-36-16 
B 30-36-17 
B 30-36-18 
B 30-36-19 
B 30-36-20 


B 66-38 


S.A.E. 


14 

13 


62 

66 

64 


660 


48 

481 

480 

18 

180 


Composition, per cent 


Sn 


91 

89 

83 4 | 
75 

65 

87 

20 

10 

s 

s 


19 

16 

10 

s 

10 

10 

8 

4 
6 
7 

5 


Sb 


IS 

15 

15 

10 

IS 

IS 

10 


Pb 


10 

18 


63.5 

75 

80 

85 

83 

85 

90 


9 

10 

10 

15 

17 

20 

7 

25 

28 

25 

40 


98 + 


Cu 


81 

84 
88 

85 
80 

79. 3 | 
75 

715 

70.5 

83 

70 

71 
71 
60 


0.7 
I S 
4 


Cd 


98.8 

98.8 


Other ’i 


0.0 to 0.9 P 


1 . 2 Ni 
0.7 Ag 


♦0.5% Ca, 0 5% Na, 0.1% Li + Al 


variety of machines where speeds are high and loads are light 01 
at most only fairly heavy. Lead, added (alloys A 4 and A 5) 
primarily to reduce the cost, is objectionable if operating tem- 
peratures are high as it forms a fusible eutectic with tin and 
lowers the temperature at which incipient melting takes place. 
The following illustrates the effect of lead: the temperature at 
which alloy A ^ (18 per cent lead) is completely liquid is about 
565° F. (295° C.); the corresponding temperatures for alloys A 1 
and A 2 (no lead) are 680 and 670° F. (360 and 355® C.). 

The properties of the tin-base alloys vary somewhat with 
composition but are usually within the following ranges'; 


Property ‘ Range of values 

Tensile strength, lb. per sq. in., at 70® F. (20® C.) 12,800 to 17,500 

Tensile strenrth, lb. per 39. in., at 200® F. (95° C.) 6,700 to 10,000 

Yield strength, lb. per sq. in., at 70® F. (20® C.) 4,500 to 6,500 

Yield strength, lb. per sq. in., at 200® F. (95° C.) 2,100 to 3,200 

Brinell hardness (500 kg.) at 70® F. (20* C.) 17 to 27 

Brinell hardness (500 kg.;, at 200® F. (95® C.) 8 to 14 
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In the case of these alloys, the '^tensile strength*' is the stress 
producing a deformation of about 25 per cent, and the "yield 
strength” is the stress producing an elongation of 0.125 per cent 
of the gage length. 

The lead-base white metals (class B, Table 30) are cheaper than 
the tin-base alloys but are not so satisfactory for operation at 
high speeds and medium loads. They are used extensively by 
the railroads for freight- and passenger-car bearings, in electric 



Fig. 113— Structure of tin-base bearing metals containing {A) 86 per cent tin, 
6 per cent antimony, and 8 per cent copper and (B) 82 per cent tin, 10 per 
cent antimony, and 8 per cent copper; etched, 150 X (Ellis). 

motors, and in some machines. Alloys B 2 and B 4 are used in 
a number of bearings in automobiles. The properties of this 
group of alloys also vary with composition, usually within the 
following ranges: 


Property Range of values 

Tensile strength, lb. per sq. in., at 70° F. (20° C.) 12,800 to 15,500 

Tensile strenrth, lb. per sq. in., at 200° F. (95® C.) 5,000 to 8,000 

Yield strength, lb. per sq. in., at 70” F. (20° C.) 2,800 to 3,800 

Yield strenrth, lb, per sq. in., at 200® F. (95® C.) 1,200 to 2,000 

Brinell hardness (500 kg.), at 70® F. (20® C.) 15 to 22 

Brinell hardness (500 kg.), at 200® F. (95® C.) 6 to ii 
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It is evident from these values that the lead-base alloys are 
inferior in properties to the tin-base metals. 

As the temperature increases above 200° F., the tensile and 
the yield strength of the white metals decrease still more; values 
of 2000 to 4500 lb. per sq. in. are common for tensile strength 
tested at 300° F. (150° C.). Elongation and reduction of area 
increase with temperature as, for example, from 15 to 30 per cent 
and from 18 to 40 per cent respectively. 

The constitution of the white-metal alloys is complex and is 
imperfectly known. Essentially, the structure (Fig. 113^) consists 
of a solid-solution matrix in which needles or cubes of a hard 
constituent, probably an intermetallic compound such as SbSn, 
are embedded. 

Considerable work has been done recently to determine the 
effect of small amounts of cadmium on the tin-base alloys. 
Apparently, 1 per cent cadmium increases tensile strength and 
hardness 10 to 20 per cent at normal temperature and at 200 to 
300° F. (100 to 150° C.). 

183. The Copper-base Bearing Metals— The principal copper- 
base bearing metals are those in class C of Table 30. On a 
tonnage basis this group is more widely used than the others: 
according to Clamer,^ about 10 million lb. of alloy C 5 (either 
deoxidized, or not, with less than 1 per cent phosphorus) are used 
annually in the United States. The leaded bronzes, alloys C 4 to 
C 9 (A.S.T.M. specification B 30-36), are employed by the rail- 
roads and the automotive industry: alloys C 4 and C 6 are suitable 
for small bushings and bearings; others are better fitted for 
general service bearings; alloy C 9 is suitable for high speeds and 
low bearing loads, and C 5 for moderate speeds and heavy loads. 

The properties of the copper-tin-lead alloys vary with compo- 
sition. At room temperature, the property ranges for alloys C i 
to C 10 inclusive are as follows; 


Property Range of values 

Tensile strenrth, lb. per sq. in 28,000 to 40,00c 

Yield strength, Ib. per sq. in 14,000 to 18,000 

Elongation in 2 in., per cent 10 to 20 

Compression, lb. per sq. in., for a deformation of 0.001 in . . . 10,000 to 13,000 

Brinell hardness (500 kg.) 55 to 75 


1 Courtesy of O. W. Ellis. 

2 G. H. Clamcr, Metals Handbook, American Society for Metals, Cleveland, 
m 9 » P- 
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The hard bronzes (alloys C i, C 2, and C 3) are used in castingsS 
for movable bridges and turniables which act as bearings subject 
to slowly or intermittently applied heavy loads. Most of the 
other alloys in the group C 1 to C 10 are used as large bearings 
("brasses") in locomotives. The alloys favored for this purpose 
are C 3, C 5, and C 9. Alloys C 3, C 4, C 5, and C 10 are used 
extensively by the automotive industry. 

The high-lead bearing alloys C 11 to C 14 are a fairly recent 
development and, as steel backed, are used in internal-combustion 
engines— C 1 1, C 12, and C 13 for aircraft, and C 14 for automotive 
engines. These alloys are inferior in tensile properties to the 
other copper-rich alloys: tensile strength varies from 12,000 to 
22,000 lb. per sq. in., yield strength from 5000 to 10,000 lb. per sq. 
in., elongation from 5 to 12 per cent, and Brinell hardness 
(500 kg.) from 25 to 40. In general, however, they are superior 
to the white metals: their melting temperatures are much higher, 
and their properties are not so much affected by temperature. 
They are also resistant to repeated flexure which is important 
with present-day engine speeds. Most important, if lubrica- 
tion fails momentarily, the heat generated by the friction sweats 
out a film of lead which acts as a lubricant and prevents seizure. 

The railroads were the first to use the high -lead alloys on a 
general scale, adopting alloy C 1 1 (A.S.T.M. B 66-38) for a large 
number of bearings. In airplane and automobile engines, these 
alloys are now used for crankshaft, drive-shaft, and connecting- 
rod bearings. The most recent development is the addition of 
1 to 2 per cent nickel, or up to 1.5 per cent silver, for controlling 
segregation and sweating of the lead, which is insoluble in 
copper both in the molten and the solid state. 

184. Special Bearing Metals— There are a large number of 
recently developed special bearing metals, of which alloys D 1, 
D 2, and D 3 are the most important. The cadmium-base alloys 
now have S.A.E. specifications and are successfully replacing the 
white metals in internal-combustion engines operating at high 
speeds and high temperatures. Structurally the cadmium-base 
alloys consist of a soft, tough matrix of cadmium interspersed 
with hard particles which, for alloy D 1, are supposed to be 
NiCki^. The alloys are characterized by a high solidification 
range— 750 to 600® F. (395 to 320® C.)— and by the ease with 
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which they are bonded directly to steel. Typical tensile prop- 
erties of alloy D 1 are given in Table 31.^ 


Table 31. Typical Properties of a Cadmium-nickel (98.8^^, Cd, i .2% Ni) 

Bearing Metal 


Property 

70° F. 
(20° C.) 

210° h\ 
{joo° C.) 

300 ° F. 
{ 200 ° C.) 

Tensile strength, lb. per sq. in 

Yield strength, lb. per sq. in 

16,400 

11,000 

10,000 

3.300 

Elongation in 2 in., per cent 

19 

36 

1 II 

Reduction of area, per cent 

Brinell hardness (500 kg.) 

43 

52 

76 

33 

22 

6 


There are two trade-marked bearing metals containing more 
than 98 per cent lead (alloy D 3). One, developed in Germany, 
contains 98.5 per cent lead, 0.5 per cent calcium, 0.5 per cent 
sodium, and 0.05 per cent each of lithium and aluminum. It is 
now standard for German railways. The other, recently de- 
veloped in this country, contains about 98 per cent lead, 1 per 
cent tin, and 0.5 per cent calcium. Both are precipitation- 
hardening alloys. They have poor corrosion resistance, are diffi- 
cult to cast, and cannot be remelted without considerable change 
in composition. The tensile strength of the alloys at room tem- 
perature is about 12,000 lb. per sq. in. and the elongation is about 
6 per cent; at 300° F. (150° C.), these values are 5000 lb. per sq. in. 
and 13 per cent. Hardness and compressive strength are rela- 
tively high, and the liquefication temperature is about 100° F. 
(55° C.) higher than that of the tin-base alloys. 

An alloy recently developed^ for aircraft-engine bearings con- 
tains 96.5 per cent silver and about 3.5 per cent lead. Results of 
preliminary tests indicate that the alloy is 50 per cent more 
resistant to seizure than a good-grade copper-lead bearing metal, 
and that it is strong enough to carry the high bearing loads in 
aircraft engines. It is difficult to bond this alloy to a steel back- 
ing; at present, electrodeposition seems to give the b^st results. 
The chief disadvantage of the silver-rich alloys, in all but the 
aircraft industry, is high cost. 

One of the important results of the development of powder 

3 Based on data ot C. E. Swartz, Metals Handbook, American Society for 
* R. W. Dayton. Metals and Alloys, October 1939, p. 306. 

Metals, Cleveland, 1939, p. 13,32. 
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metallurgy (discussed later in this chapter) is the so-called “oil- 
less*’ bearing. In one variety, powdered copper and tin are 
mixed with graphite in the proper proportions, and the mixture 
is pressed and sintered. The result is an alloy of copper and 
tin containing uniformly distributed particles of graphite. In 
the other variety, powdered copper and tin are mixed with a 
volatile salt or a low-melting metal powder, and the mixture is 
pressed and sintered. During sintering, the salt or the low 
melting metal volatilizes, leaving interlocking voids (ecjuivalent 
to 5 to 25 per cent of the volume of the bearing) in which oil is 
absorbed. Oil-less bearings are used in increasing numbers by 
the automotive industry and by the railroads. 

185. Lead and Tin as Engineering Materials— Lead and tin 
find important applications in other than bearing metals and 
certain heavy copper-base alloys. Lead is not only cheap— 3 to 1 2 
cents a pound has been the variation in price in the past 10 years 
—but it is the most corrosion resistant of all the ccjmmon metals. 
It is resistant to sulphuric and hydrofluoric acids and to many 
chemicals, and its resistance to the atmosphere and to fresh or 
salt water is measured by decades and even by centuries. Lead 
has low tensile strength, which may be increased by alloying, but 
the resistance of lead and its alloys to slow deformation under 
load— or even under their own weight— is so low that they are 
seldom used because of their strength. 

Owing to its corrosion resistance, lead is used as sheet and pipe 
for handling chemicals, in acid plants, for roofing, and in plumb- 
ing installations. Another well-known application is in solders, 
which are low-melting alloys of 40 to 60 per cent lead with tin. 
Still another field of usefulness for lead, where its low melting 
point is valuable, is in type metals, which contain 70 to 95 per 
cent lead, 3 to 10 per cent tin, and 3 to 20 per cent antimony. 

Except as the oxide (in paints), the largest amount of lead 
(about 200,000 tons a year) is used in storage batteries, the plates 
of which are alloys of lead with 7 to 12 per cent antimony.® This 
amount of antimony suffices to triple the strength and hardness 
of lead. Lead-antimony alloys can be precipitation-hardened by 
quenching from 450® F. (230® C.) and aging at room temperature; 
the resulting tensile strengths are as high as 1 2,000 lb. per sq. in. 


s This is essentally the same alloy as bearing metal B 7, Table 50, p. 334. 
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An extruded alloy of 99 per cent lead and 1 per cent antimony 
is used for sheathing for telephone cables. Even this small 
amount of antimony causes precipitation hardening, too much 
of which may be undesirable in the cable sheathing. A modi- 
fication of the recently developed high-lead precipitation-hard- 
ening alloy containing calcium, described on p, 538 (alloy D 3, 
Table 30), is also used for cable sheaths. This contains as little 
as 0.05 per cent calcium, and its strength may be doubled or even 
tripled by quenching and aging at room temperature. 

As indicated previously, the most important use for tin is as 
a coating. It is remarkable but true that relatively few laymen 
know that tin cans are low-carbon steel coated with 0.0001 to 
0.0002 in. of pure tin. The object, of course, is corrosion resist- 
ance and, to a lesser degree, appearance. The tin coating is resist- 
ant to a large variety of foods, oil, paint, and many other prod- 
ucts. In addition, the tin facilitates soldering and enables the 
preservation of enormous quantities of foods and other products 
by cheap mass-production methods. 

186, Zinc and Zinc-base Alloys as Engineering Materials— 
One of the most valuable phenomena of metallurgy is the speed 
with which molten zinc combines with solid iron to form an 
intermetallic iron-zinc compound into which zinc diffuses with 
great rapidity. This is the basis of hot-dip galvanizing, in which 
an adherent corrosion-resistant coating of zinc plus the iron-zinc 
compound is obtained by immersion for a few seconds of scale- 
free low-carbon steel (sheet, tubes, or wire) in a bath of molten 
zinc. This coating is shown in Fig. 114.^ Galvanizing greatly 
increases the resistance of steel to atmospheric corrosion (this is 
discussed in the next chapter) and is used so widely that in the 
United States, in the average year, about 2,500,000 tons of gal- 
vanized steel products are made, consuming 250,000 tons of zinc. 

In addition to its use as a protective coating and as an alloying 
element in brass, the most important use of zinc is in die castings. 
From a small beginning 20 years ago, the art of casting metals in 
dies has developed steadily until now more than 100,000 tons of 
these castings are made annually in this country, about 75 or 80 
per cent of which are zinc alloys. Die casting produces finished 
articles of high precision in size and shape, upon which little or 

• Courtesy of Research Laboratory, Carnegie-lllinois Steel Corporation, 
Pittsburgh. 
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no machining is necessary. Early zinc castings were subject to 
internal corrosion and to changes in dimensions during use and 
were, consequently, generally unsatisfactory. About 15 years ago, 
it was found that the small amounts of lead and tin in the zinc 
were responsible for the difficulties. In 1928, methods were 
developed for the production of high-purity (99.99 per cent) 
zinc at low cost, and from this time on, the zinc die-casting indus- 
tiy prospered. Zinc die castings are used for a wide variety of 
parts, primarily in automobile manufacture, such as radiator 
grilles, carburetors, and hardware (which are nickel or chromium 



Fig. 1 14— Cross-section of galvanized low-carbon steel with zinc coating at top, 
500 X (Research Laboratory, Carnegie-Ill inois Steel Corp.). 

plated). The location of zinc die castings in a modern automobile 
is shown in Fig. 115.^ They are also important in the construc- 
tion of telephone apparatus, typewriters and other office equip- 
ment, radios, toys, and a large number of household appliances. 
Sizes range from zipper teeth, weighing a fraction of an ounce, to 
radiator grilles, weighing up to 30 lb. 

The process consists essentially of forcing the molten metal 
into a closed steel die by a piston, under pressures (air or water) 
up to 2000 Ib. per sq. in. Owing to a fortunate combination 
of low cost, low melting point— about 715® F. (380® C.)— with 

r Courtesy W, M. Peirce, New Jersey Zinc Co. 
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Fig. 1 15— Skeletonized automobile showing use of zinc die castings (Peirce). 
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accompanying long life of the steel dies, good properties, closely 
controlled and stable dimensions, and good surface, the use of 
zinc-alloy die castings, already extensive, will probably expand 
still further in the future. The low unit cost is largely depend- 
ent upon the quantity of the same article. The steel dies are 
expensive, and a large number of identical castings must be made 
to reduce this to a low figure. 

187. Properties of Zinc-base Die Castings— Although experi- 

ments have been made with a number of alloys, the present ten- 
dency is to use only the three whose composition and properties 
are given in Table 32.® Alloy 23 is the most permanent of the 
three in dimensions. Its initial shrinkage in solidification and 
cooling is 0.004 in. in 6 in., or about in. in a bar 8 ft. long. 
Its strength is somewhat lower than that of the other two alloys, 
but its ductility is relatively constant over long periods of time. 
Alloy 21 becomes brittle upon aging and is used if high strength 
is more important than stability of dimensions and toughness. 
The dimensional changes shown in Table 32 are those occurring 
after an initial shrinkage of 0.0063 ^ taken place. 

Alloy 25 is slightly weaker than alloy 21 but is more stable in di- 
mensions and is superior to alloy 21 in ductility. 

188. Nickel and Nickel-rich Alloys as Engineering Materials 
—There are three important classes of high-nickel materials: (1) 
( ommercially pure nickel, (2) Monel and other nickel-rich nickel- 
(opper alloys, and (3) nickel-chromium and other high-nickel 
corrosion- and heat-resisting alloys. The composition and prin- 
cipal characteristics of the most common of these are given in 
Table 33. 

Commercially pure nickel (No. 1, Table 33) is resistant to 
corrosion by many dilute acids, providing an oxidizing agent is 
absent. It is also resistant to atmospheric corrosion, including 
attack by salt air, but not to industrial atmospheres containing 
sulphur compounds. It is resistant to sea water, provided the 
water is not stagnant enough to permit the growth of marine 
organisms which cause pitting. It is resistant to a large number 
of chemical reagents, especially organic compounds. Its most 
valuable property, however, is its resistance to strong alkalis. 
In many media, the corrosion resistance of nickel is increased by 

< Based on W. W. Broughton, Metal Progress, April ig.gS, p. 381. 
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the addition of 25 to 30 per cent copper. Monel (alloys 2 and 3, 
Table 33) is a natural alloy made by refining ores containing both 
nickel and copper. Owing to the difficulty of machining the 
regular Monel, a frce-machining grade containing 0.025 to 0.060 
per cent sulphur (alloy 3) has been made available. Ease of 
machining, however, is attained with some sacrifice in mechanical 
properties. K-Monel (alloy 4) is Monel containing 2.75 per cent 
aluminum. By a suitable quenching and aging treatment a ten- 
sile strength of 170,000 to 200,000 lb. per sq. in. can be attained 
for wire and strip, as compared with 100,000 to 130,000 lb. per 
sq. in. for similar sections of regular Monel (alloy 2). The 
corrosion resistance in most media is about the same as that of 
Monel. 

Alloy 5 is a stainless nickel, known under the trade name 
Inconel. The addition of chromium increases the resistance of 
nickel to oxidizing acids and does not lower appreciably its resis- 
tance to non-oxidizing media. Commercially pure nickel and 
alloys 2, 3, 4, and 5 (Table 33) are used widely in equipment for 
handling chemicals, food, and dairy products, and in marine 
construction. 

Alloys 6 and 7, and their several modifications, are used pri- 
marily for heating elements in electric equipment—especially for 
such appliances as flat irons, toasters, heater pads, electric stoves, 
hot-water heaters, hair dryers, and permanent-waving equipment 
—and industrially for heating elements in heat-treating furnaces, 
for carburizing containers, and for other equipment subjected to 
temperatures of 1500 to 2000® F. (815 to 1100° C.). The high 
electric resistance of these two alloys (108 to 112 microhm-cm.) 
makes them of value for electric equipment as well as for heating 
elements. 

All these alloys can be hot and cold worked into sheet, strip, 
tubes, wires, and many other shapes. In addition, they can be 
welded or soldered. Owing to their toughness, however, they are 
difficult machine. 

189. h. "»erties of Nickel and Nickel-rich Alloys— Although 
nickel and the nickel-rich alloys are important engineering ma- 
terials, owing to their cost their use is too restricted to warrant 
detailed discussion of their properties in this chapter, so only a 
brief survey is given here. In general, the properties of nickel 
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and nickel-rich alloys are superior to those of any other common 
non-ferrous material.® In addition to their high corrosion resist- 
ance, they have the advantage of strength and toughness. As 
the alloys consist essentially of solid solutions, none— except 
K-Monel— responds to heat treatment in the usual sense. The 
only method of changing the properties materially is by cold 
working. 

The tensile strength of commercially pure nickel ranges from 
about 75,000 lb. per sq. in. for annealed sheet to 85,000 lb. per 
sq. in. for hot-rolled sections and to as much as 105,000 lb. per 
sq. in for cold-rolled material. The yield strength for annealed 
or hot-rolled material is usually less than half the tensile strength, 
elongation in 2 in. is 35 to 50 per cent, and reduction of area is 
60 to 75 per cent. The impact resistance is high; the Izod value 
is about 100 ft-lb. Nickel is supplied in 8 tempers varying from 
dead soft through soft and skin hard to full hard. Alloys 2 and 
5 have slightly better properties than nickel: tensile strengths 
of 75,000 to 90,000 lb. per sq. in. as hot worked and annealed, and 
of up to 120,000 or 130,000 lb. per sq. in. as hard rolled. Elonga- 
tion, reduction of area and impact resistance are as high as for 
commercially pure nickel. Nickel, Monel, and Inconel are sup- 
plied in spring tempers for use in corrosive environments, with 
torsional elastic limits of 65,000. 70,000, and 100,000 lb. per sq. in. 
and torsional moduli of 11, 9, and 11 million lb. per sq. in. re- 
spectively. The moduli of elasticity are 30, 26, and 32 million 
lb. per sq. in. respectively, or close to those of steel. The prop- 
erties of K-Monel depend on mechanical and thermal treatment. 
As rolled, its tensile strength is 90,000 to 110,000 lb. per sq. in.; 
as annealed and heat treated, it is 130,000 to 150,000 lb. per sq. 
in.; and as cold worked and heat treated, it varies from 125,000 
to 200,000 lb. per sq. in., depending upon the temper and the 
treatment. Elongation may be asliigh as 45 per cent or as low 
as 2 per cent in 2 in., also depending upon the temper and treat- 
ment. 

9 The data in this section are based on G. F. Geiger, "Alloys of Nickel," in 
Symposium on High'Slrength Constructional Materials, American Society for 
Testing Materials, 1936, pp. 95-108, and on sections in Metals Handbook, 
American Society for Metals, Cleveland, 1939, pp. 1646-1669. 
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The endurance limits for nickel. Monel, and Inconel are: 


Material 

Endurance limit, lb. per sq. in. 

A nnealed 

Hot- rolled 

Cold-worked 

Nickel 

30,000 

33,000 

50,000 

Monel 

35,000 

40,000 

55,000 

Inconel 

32,500 

36.500 

40,000 


These values give endurance ratios of 0.40 for nickel and of 
0.46 and 0.37 for the two alloys, i.e., somewhat lower ratios 
than the average for steel (0.50) but considerably higher than 
for most non-ferrous alloys. 

The oxidation-resistant alloys 6 and 7 (Table 33) are also 
strong and ductile. Their tensile strength, as annealed, is 100,000 
to 110,000 lb. per sq. in., their elongation in 2 in. is 25 to 35 per 
cent, and their reduction in area is 45 to 55 per cent. Tensile- 
strength values as high as 175,000 lb. per sq. in. can be attained 
by cold working. In addition to high resistance to oxidation at 
red heat, the most important properties of alloys 6 and 7 are their 
strength at elevated temperatures and their high electric resist- 
ance. The latter makes it possible to use wires or strip of small 
cross-section; the former ensures that these will not sag or creep 
too much. In addition, the alloys are easily worked and are 
relatively moderate in cost. They are, therefore, superior to 
any other ferrous or non-ferrous material for heating elements 
to be used at temperatures below 1800 to 2000° F. (q8o to 
1100® C). 

190. Powder Metallurgy and Special Tool Materials— Pow- 
der metallurgy is an old and a new art. It was used at least 150 
years ago for the production of platinum, which was infusible 
in the furnaces then available. When the oxyhydrogen flame 
came into use, powder metallurgy became a lost art and remained 
lost until a few years ago when it was found that useful articles 
of such refractory metals as tungsten, tantalum, and molybdenum 
could be produced by compressing and sintering powders of these 
metals. One of the most useful early developments of powder 
metallurgy was the method of making ductile tungsten for elec- 
tric-light filaments. 

Powder metallurgy also has other advantages. By compressing 
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and sintering powders, alloys of exact composition can be made 
without loss of a constituent by oxidation or without contamina- 
tion by impurities during melting. In addition, intimate mixtures 
of metals that are immiscible in the liquid state or that have widely 
separated melting points can be readily obtained, as can intimate 
mixtures of metals and non-metals, such as the copper-tin-graphite 
bearings described briefly in section 184. Most of the preliminary 
work was done on tungsten and molybdenum; powder metallurgy 
as applied to other metals is still in its infancy. 

The metal powders are prepared by mechanical disintegration 
(grinding or stamping), by reduction of an oxide by hydrogen 
or other gaseous reducing agent, by electrolytic deposition, or by 
precipitation from a solution. Powders of selected particle size 
are mixed in tumbling mills, packed in dies, and are then com- 
pressed, with the pressures applied varying from 5 to as much 
as 100 tons per sq. in. By regulating the particle size and the 
pressure, the density (and porosity) of the finished product can 
be varied. The compressed article is sintered, either by electric 
resistance in an atmosphere of reducing gas or in a furnace. The 
sintering temperature depends upon the metal or metals and 
the use to which the sintered product is to be put. Frequently 
it is just below the melting point. During the sintering of two 
or more powdered metals alloying and thorough diffusion usually 
take place. 

The cemented or sintered hard carbides have received much 
attention in the past ten years owing to their superior and some- 
times remarkable performance as tools and dies. To manufac- 
ture these carbides, powdered tungsten—or tantalum (plus, in 
some cases, titanium) or their oxides— is mixed with carbon in the 
form of lampblack and is heated in a carburizing atmosphere 
for several hours at 2730 to 4350® F. (1500 to 2400° C.). The 
carbides which are formed are intimately mixed with a definite 
amount of a binder, usually powdered cobalt, and are compressed 
in a mold with a pressure of 15 to 30 tons per sq. in. The mixture 
is sintered in an inert gas at 1470 to 1650® F. (800 to 900® C.), 
and finally at 2550 to 2910® F. (1400 to 1600® C.), which results 
in alloying and diffusion. 

The strength of the sintered material depends upon the amount 
of cobalt: with 3 per cent, the modulus of rupture is 125,000 lb. 
per sq. in., and with 13 per cent, it is 300,000 lb. per sq. in. The 
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hardness depends also upon the amount of cobalt and is very 
high, viz, between 87 and 93 Rockwell A (6o-kg. load). These 
values cannot be converted to other hardness scales; probably 
they are equivalent to more than 1000 Brinell. 

Sintered tungsten carbide tools are used for machining cast 
iron, aluminum, copper, -and their alloys, hard rubber, bakelite, 
asbestos, porcelain, and other materials. Until recently they 
were not wholly satisfactory for machining steel owing to the 
tendency of the steel chip to weld to the point of the carbide tool, 
which causes particles of the tool to break off. This tendency 
is not so pronounced with tantalum carbide or with tungsten 
titanium carbide tools. Depending upon the composition of the 
tool, the composition and structure of the material cut, and the 
conditions under which the tool is used, the increase in produc- 
tion obtainable by the use of sintered carbide tools as compared 
with the best high-speed steel is 20 to 200 per cent, and the reduc- 
tion in machining cost is 25 to 75 per cent. The hard carbides 
are also used as dies for wire drawing and for the extrusion of 
steel and of non-ferrous metals and alloys. Wide use of these 
materials was largely prevented by their high cost, but a drastic 
reduction in price, recently announced, doubtless will soon 
increase the number of applications in which they can be used 
effectively. 

There is another important class of non-ferrous tool materials, 
used to machine metals at high speed; xjiz,, a series of alloys con- 
taining 50 to 60 per cent cobalt, approximately 30 per cent 
chromium, 4 to 16 per cent tungsten, and about 2.5 per cent car- 
bon. This alloy group, known under the trade name Stellite, has 
high red hardness and wear resistance and in some machining 
operations greatly outlasts high-speed steel tools. Stellite is used 
also in welding rods to deposit a hard surface or edge on plowshares 
and steam valves, and on other articles subjected to abrasion or to 
some types of chemical corrosion. Because of high hardness at ele- 
vated temperatures. Stellite cannot readily be worked; it is, there- 
fore, cast into the shape desired and is finished to exact size by 
grinding. Stellite castings are used as dies, rollers, shields for tur- 
bine blades, bushings, and in many other specialized applications. 



Chapter 20 


CORROSION AND CORROSION RESISTANCE 

CyORROSION is not a pleasant word. According to the dic- 
tionary it means an eating away, a gradual decay. Roget, in his 
well-known Thesaurus, classifies it under deterioration in the 
same group as degeneracy, impairment, decline, and decay; metal- 
lurgists and engineers have been known to use considerably more 
picturesque, if not quite such polite, terms in describing it and 
its effect on metals and alloys, especially when dealing with that 
variety of corrosion which corresponds to internal rot in some 
fruits and vegetables, namely, the decay which starts inside and 
gives no clue on the surface that deterioration is under way. 
Corrosion, the thorn in the side of the man who wishes to build 
economically a metal structure that will last, is the joy of the paint 
manufacturer because a large percentage of his product is used 
to slow down the destruction wrought by corrosion. One metal- 
lurgist's idea of corrosion is pictured in Fig. 116.^ 

Corrosion is nature's method of indicating that man, as a 
builder of an efficient civilization, is not yet omnipotent. It is 
one of nature's subtle jokes that many of the metals that are 
most resistant to corrosion— palladium, platinum, rhodium, irid- 
ium, and gold— are scarce and costly and cannot, therefore, 
be used for industrial structures and machines. 

Reference in earlier chapters to the corrosion resistance of 
various industrial metals and alloys was mostly confined to a 
brief statement of fact that a given metal or alloy is or is not resist- 
ant when exposed to certain corrosive media. The discussion 
in the present chapter deals generally with corrosion and corro- 
sion resistance, what it is and how it is evaluated; and then gives 
a broad outline of the resistance of the more common metallic 
materials to specific media. 

1 Drawing by Robert Worthington. Frontispiece of Corrosion Resistance of 
Metals and Alloys, by R. J. McKay and Robert Worthington, Reinhold 
Publishing Company, New York, 1936. 
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19 1. Corrosion and Passivity— Most metals have a tendency 
to combine with other chemical elements to form the compounds 
in which they originally existed in the earth. This is known 
as chemical affinity and varies widely with the metal. If the 
tendency is weak, the metal is “noble.” The metals as a whole 
show a decreasing degree of nobility from gold, palladium, and 
platinum— which have little chemical affinity for other elements— 
to sodium and potassium— which have very great affinity. Iron is 
about midway in this electrochemical series: it is nobler than 



Fig. 116— Old Man Corrosion (Drawing by Robert Worthington). 

aluminum, manganese, zinc, and chromium but is less noble than 
tin, copper, and lead. 

Although the chemical affinity for oxygen, sulphur, and other 
elements is an important criterion of the metal's economic value, 
it is an inherent property, and man can do very little about it. 
He is, therefore, usually more interested in the rate with which 
the reaction goes on than in the fact that a reaction takes place. 
The elements which have the greatest effect on metals and 
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which are, therefore, of first interest in corrosion are oxygen— 
especially in air, water, acids, and (combined with carbon) in gases 
—and sulphur, especially combined with oxygen in gases and 
acids. 

When two metals are connected and are immersed in an 
electrolyte, the less noble one will usually go into solution pref- 
erentially and thus will protect the more noble metal from attack. 
This is a principle of great importance in corrosion. Thus, if 
iron or steel is coated with a more noble metal, for example tin, 
and the coating is porous, the iron where exposed will corrode more 
rapidly than if it were not coated. On the other hand, if iron or 
steel is coated with a less noble metal, for example zinc, the 
coating does not need to be wholly impervious to prevent corro- 
sion of the metal, as the attack is confined to the coating. 

Some metals, when combining with other elements, react 
rapidly at first, but the reaction slows down and, under certain 
conditions, stops. This is known as passivity. A good example 
is iron or steel immersed in concentrated nitric acid. The attack 
of the metal by the acid stops quickly and, so long as the tempera- 
ture or the acid concentration does not change, there is no further 
attack. When the passive state is induced, the metal behaves as 
if it were nobler than would be expected from its position in 
the electrochemical series. There are various methods of induc- 
ing passivity and various degrees of passivity. It is usually sup- 
posed that passivity is due to the formation of a uniform, tightly 
adherent film which is insoluble in the passivating medium. This 
theory is given weight by the well-known fact that, when passivity 
for a certain corrosive medium has been induced, changing con- 
centration, or temperature, or the corroding medium itself may 
result in a complete and rapid transfer from the passive to the 
active state. 

192. Significance of the Corrosion of Iron or Steel— The rapid 
formation of rust or scale when iron or steel is in contact with 
air or water or hot oxygen-containing gas is one of the most im 
portant phenomena in a steel-using civilization. As the inherent 
tendency of iron to return to its oxide cannot be changed, man 
has given much thought and study to methods of slowing it down. 
So far, only two methods are available: one is to coat or cover 
the surface so that corrosive media will not come into contact 
with it; another is to add large amounts of alloying metals, 
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especially chromium, which, under some corrosive conditions, pro- 
mote the formation of a tight adherent coating that slows further 
attack so much that it is almost imperceptible. Either method 
is costly, the second much more so than the first. 

The annual economic loss by corrosion is great, and so is the 
amount of money spent in trying to slow it down by protecting 
steel structures with paint and various other coatings. Speller, 
an authority on corrosion, claims that in a year of economic 
depression more iron reverts to its oxide than is extracted from the 
ore and refined into steel, and that 120 million gallons of paint 
are used annually to protect ferrous products from the atmos- 
phere. 

Corrosion is important not only because it destroys useful 
materials and structures, but also because it and its near relation, 
oxidation at elevated temperatures, may go on so slowly or may 
be so well hidden by corrosion products or by occurring in inac- 
cessible places that they are difficult to detect before they go too 
far. In many instances the first inkling of corrosion or elevated- 
temperature oxidation is sudden failure. This is true for non- 
ferrous alloys as well as for iron and steel. 

Metallurgists know more about corrosion now than they did 
20 years ago, but they have made relatively little progress in 
checking it. If cost is no object, the stainless steels can be used 
since they will resist certain corrosive conditions almost perfectly 
for long periods of time. Considerable advance has also been 
made in the development of alloys resistant to oxidation at ele- 
vated temperatures. These materials are costly, although for 
some applications the saving occasioned by their use more than 
offsets the high initial cost. In ordinary atmospheric and water 
corrosion of structures, however, about the only advance in con- 
trolling economically the destruction of steel has been improve- 
ment in coatings. 

Leaving aside for a moment the oxidation or scaling of steel 
at elevated temperatures, the following facts are known about the 
corrosion of ferrous alloys: (1) moisture must be present in the 
air, and oxygen must be present in the water; (2) corrosion is 
more rapid in acids than in neutral solutions and is slowest in 
alkaline solutions; (3) corrosion usually increases with the con- 
centration of salts, especially chlorides and other halides in the 
solution, and with the temperature; and (4) the condition of 
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the surface is important in determining whether corrosion will be 
more or less uniform or localized. 

The last point, whether corrosion is uniform over the surface 
or localized, is important. As it is impossible to prevent corro- 
sion, it is much better if the material wastes away uniformly, since 
it is usually possible in such an event to watch the process and 
replace the section before too much damage has been done. 



Fig. 117— Typical examples of (A) uniform surface corrosion and (B) pitting 
corrosion on carbon steel (Research Laboratory, Carnegie-Illinois Steel Corp.). 


Moreover, if the surface is removed with some degree of uni- 
formity, the only effect on the strength is that of reducing the 
cross-section. A localized attack may not be so readily detected 
and, thus, may be much more dangerous. In addition, it may 
cause irregularities where stresses become concentrated. 

Both uniform surface corrosion and localized pitting (Fig. 117^) 
are due primarily to the environment, although in the second 

2 Courtesy of Research Laboratory, Carnegie-Illinois Steel Corporation, 
Pittsburgh. 
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type differences in the material may play an important role. 
Local segregation of inclusions at the surface or a surface seam or, 
more commonly, the presence of oxide scale from the rolling or 
heat-treating process may accelerate or even start the attack at a 
definite spot. Environmental conditions, as irregularity of oxy- 
gen distribution in water, concentration of oxygen at the water 
line in materials partly submerged, and many others have a pro- 
nounced effect on localized corrosion. This type is common in 
pipe buried in soils. 

193. Effect of the Environment on Corrosion of Ferrous Ma- 
terials— During long exposure of a ferrous alloy to the atmos- 
phere, so many things happen that it is impossible to duplicate 
them in a laboratory test. Rusting by the atmosphere involves 
the formation of hydrated ferrous oxide, which is normally ad- 
herent. If the weather is favorable, it may dry into a hard rust 
which for a considerable time will inhibit or at least slow down 
further corrosion. If there is rain, the hydrated oxide may be 
partly or wholly washed off before a hard rust layer is formed. 
The character of the rust and the rapidity with which it forms 
differ in a dry locality, a damp locality, or in one which is subject 
to frequent alternations of sunshine and rain, or sunshine and 
dew. Corrosion differs greatly in rural, in industrial, or in marine 
atmosphere. If other things are equal, a rural atmosphere is the 
least corrosive; corrosion in a marine atmosphere varies with cli- 
matic conditions which affect the amount of sodium chloride in 
the air; and in an industrial environment it varies with the 
climate and the amount of sulphur and other products of com- 
bustion which contaminate the atmosphere. Corrosion in water 
depends upon whether the material is totally immersed, partly 
immersed, alternately immersed and removed, whether the water 
contains much or little dissolved gas, whether it is stagnant or in 
motion, whether it contains large or small concentrations of 
sodium chloride or other salts, and upon many other factors. 

As indicated, the initial surface condition and the character of 
the first corrosion products have an important effect in nearly 
all environments. If conditions are favorable, the initial oxide 
may form as a “tight coating” whicli, if environment is not 
strongly corrosive, may resist further corrosion for a long time. 
The classic example of this is the Delhi pillar of India. This 
mass of wrought iron, some 24 feet high and weighing about 6.5 
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tons, was made by hand welding small blooms. It was erected 
about A.D. 300. Owing to a ‘‘tight*' oxide coating and a pure, 
dry atmosphere, it has resisted corrosion remarkably well for 
about 1600 years, but when Hadfield brought a piece of the 
pillar to England and moistened the surface, it rusted badly 
overnight. 

The corrosion of metallic materials in acids, alkalis, and other 
chemicals is affected chiefly by the hydrogen-ion (pH) concentra- 
tion of the solution and by the temperature. Broadly, solutions 
whose pH is below 4.3 cause rapid corrosion, and solutions 
whose pH values are above 10 cause slight corrosion; the cor- 
rosion by solutions with values between 4.3 and 10 pH depends 
on the oxygen content. 

194. Evaluation of Corrosion Resistance— Regardless of 
whether the corroding medium is acid, water, or a chemical, there 
is only one method of evaluating corrosion resistance. This con- 
sists of exposing the material to the same environment to which 
it will be exposed in service, for sufficient time, examining it 
periodically to follow the progress of the attack, and finally meas- 
uring the loss in weight or the number of actual failures. 

This is relatively simple in the case of many acids, alkalis, or 
other reagents. If it is planned to use a certain alloy as a con- 
tainer for acetic acid, a fair estimate of how it will stand up can 
be gained from observing the effect of immersing a specimen of 
the alloy in acid of the proper concentration, maintained at the 
proper temperature. This last item is very important as corro- 
sion changes c^uickly with changes in temperature; on an average, 
the corrosion rate doubles for an increase of 20° F. (10° C.). It is 
also important that there be no great difference in the aeration of 
the acid used for the experiment and that which will be in the 
container in service. 

Testing materials for atmospheric corrosion is tedious and 
costly. Atmospheres vary widely in corrosive action. Thus, a 
low-carbon open-hearth iron sheet showing an average life of 
4000 days in rural atmosphere may last only 1000 days in an in- 
dustrial atmosphere. Testing metals for corrosion in sea water 
involves even more difficulty in securing test conditions which 
approximate those in service, owing to differences in amount of 
oxygen, temperature of the water, the presence of marine organ- 
isms, and other factors. 
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Corrosion may be measured in a number of ways. The most 
common is to expose specimens of definite size for the required 
time, remove the corrosion products, and find the weight loss. 
This is expressed as milligrams per square decimeter per day 
(mg. per sq. dm. per day) which is frequently converted to inch 
penetration per year by the formula: 

0.001437 

mg. per sq. dm. per day X = inch per year 

density 

Zero mg. per sq. dm. per day indicates no measurable corro- 
sion. Rates from 1 to 10 indicate slight attack, from 10 to 100 
considerable corrosion, and rates of 100 or higher represent seri- 
ous corrosion. A rate of 100 mg. per sq. dm. per day is equivalent, 
for ferrous materials, to a penetration of 0.017 to 0.020 inch per 
year. 

Another method of measuring corrosion, especially for atmos- 
pheric attack, is to expose large specimens— frequently full-sized 
sheets— on racks in the desired location and determine by annual 
inspection over a 5- or 10-year period the number of failures. 
From this, the average life of a sheet of each grade of material can 
be calculated. 

195. Oxidation of Ferrous Materials at Elevated Tempera- 
tures—Oxidation (or scaling) of metallic materials at elevated 
temperatures is a kind of corrosion. The process is often compli- 
cated by the presence of sulphur compounds originating from the 
combustion of fuel. High-temperature oxidation differs from 
the more general forms of corrosion mostly in that liquid water 
plays no part. 

If a specimen of carbon or low-alloy steel with a machined or 
polished surface is heated in air, a thin oxide film forms which 
displays interference colors that change as the temperature in- 
creases. These “temper colors’" were widely used before the day 
of the pyrometer to judge the temperature in tempering hardened 
steel. The principal temper colors are as follows: 


Color 

Temperature 

^ F, 

® C. 

Straw yellow 

445 

490 

530 

565 

600 

230 

255 

275 

295 

315 

Brown 

Purple 

Pale blue 

Dark blue 
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These oxide films are very thin, varying in thickness from 4 to 
15 X 10-7 cm. (0.00002 to 0.00006 mils). At temperatures where 
temper colors form, carbon and low-alloy steels oxidize very 
slowly; at higher temperatures, the formation of oxide is rapid 
and increases with the temperature; at temperatures correspond- 
ing to a red heat, oxidation is very rapid and the oxide, now 
known as scale, is so fragile that it drops off readily. 

An approximation of the amount of oxidation of low-carbon 
steel at various temperatures is shown by the following data* 
obtained on i^-in. square blocks heated in air: 


Temperature 

Loss in weight in i week, 

^ F. 

C. 

per cent 

570 

300 

0. 1 

750 

400 

0.2 

1020 

550 

0-5 

1200 

650 

3-3 

1380 

750 

15 0 

1560 

850 

37 0 

1830 

1000 

100.0 


The oxide formed at elevated temperatures is a mixture of 
ferric and magnetic oxides (Fe203 + Fe304). At any elevated 
temperature, the amount of oxide formed depends on the time. 
The chief oxygen-containing media which react with ferrous 
alloys at these high temperatures are air, carbon dioxide, and 
steam. The potency of each of these depends upon its concen- 
tration in the gases and upon the temperature. 

There is only one way to prevent elevated-temperature oxida- 
tion of carbon and low-alloy steels: heat them in a neutral or 
reducing gas. Such precautions, although expensive, are used in 
annealing low-carbon sheet and wire to prevent discoloration or 
the formation of an oxide coating of appreciable thickness. If it is 
necessary to prevent oxidation of medium- and high-carbon steels 
by heating in a neutral or reducing atmosphere— as is sometimes 
the case in heat treating tools— precautions must be taken to pre- 
vent decarburization of the surface layers. Removal of carbon 

8 C. E. MacQuigg, in Symposium on Effect of Temperature on the Proper- 
ties of Metals, American Society of Mechanical Engineers and American So- 
ciety for Testing Materials. 1951, pp. 589-609. 
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from the surface with the production of a soft outer layer is some- 
times more of an evil than oxidation. 

Because none of the carbon or low-alloy steels resists oxidation 
at elevated temperature, these materials are entirely unsuited 
in applications involving intermittent or continued heating to 
900° F. (480° C.) or above. For such purposes it is necessary 
to use one of the recently developed high-alloy oxidation-resist- 
ant steels. 

196. General Corrosion Resistance of Carbon Steel and Un- 
alloyed Cast Iron— A 25,000-word exposition of the corrosion 
and the corrosion resistance of the metal iron by Cleaves and 
Thompson * is summarized by them with the succinct statement 
“iron rusts.“ High-purity and commercially pure iron and car- 
bon steels all rust so rapidly in air and in most other corrosive 
media that it is hard to say which is the worst. There is fre- 
quently a difference in the behavior of very low carbon iron and 
the various unalloyed carbon steels when exposed to corrosive 
media, but this difference is valid only for the particular environ- 
ment and usually for no other. Although extravagant claims 
have been made that ingot iron, wrought iron, carbon steel, or 
cast iron is more resistant than the others to the atmosphere, to 
water, or to some other media, these are not justified. Long tests 
of sheet, made under the supervision of a committee of the 
American Society for Testing Materials, have shown that under 
carefully controlled conditions no unalloyed ferrous material is 
much superior to another in its resistance to atmospheric, or to 
fresh- or salt-water corrosion. 

A series of tests by the National Bureau of Standards on the 
corrosion of iron and steel pipe in soils has been under way for 
more than ten years. These have shown definitely that there are 
great differences in the corrosive action of the soil but no marked 
differences in the resistance of wrought iron, cast iron, or steel 
pipe. The most important means of controlling corrosion is to 
pack the soil uniformly which causes the occurring corrosion to 
be uniform over the surface of the pipe instead of being a local- 
ized attack of the pitting type. 

Although the composition of ferrous materials has little influ- 
ence compared with environment, it is generally true that in 

* H. E. Cleaves and J. G. Thompson, The Metal Iron, McGraw-Hill Book 
Company, Inc., New York, 1935, Chapter 9. 
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a specific environment low-carbon steel resists corrosion better 
than high-carbon material. Heat treatment has little effect, nor 
have manganese and phosphorus in the amounts usually present. 
Cast iron frequently shows longer life than steel under certain 
corrosive conditions, which fact has been attributed to the tightei 
coating of rust which forms on cast iron. 

Carbon steels~and cast iron and most low-alloy steels as well 
—are badly corroded by acids. In neutral solutions the corrosion 
varies between i and 30 mg. per sq. dm. per day, increasing as 
the amount of oxygen (aeration) increases. These materials are 
resistant to corrosion by alkaline solutions, weight losses of less 
than 1 mg. per sq. dm. per day being usual. This is due to the 
formation of an oxide film which is insoluble in the alkali and 
which protects the metal from further attack. Acids and alkalis 
usually corrode without pitting; neutral solutions on the contrary 
pit badly. 

Corrosion of carbon steels and cast irons by the atmosphere is 
largely dependent upon the amount of moisture and upon the 
presence of sulphur compounds. If other things are equal, the 
most rapid attack by sulphur-free atmospheres occurs when the 
relative humidity is between 45 and 65 per cent. With this per- 
centage of moisture weight losses range from 5 to 40 mg. per sq. 
dm. per day. With the exception of steels containing about 0.20 per 
cent copper, all carbon and low-alloy steels, and cast irons, have 
about the same resistance to atmospheric corrosion. There is very 
little exact information on the rates of corrosion of unalloyed 
steels and cast irons in sea water. The most that can be said is 
that composition of the material is of little or no importance. 
Corrosion rates are relatively high (sea water contains consid- 
erable oxygen) for the first few years but tend to slow down after 
that. 

A corrosion problem which has been studied extensively is 
the deterioration of boilers. In general, this is corrosion by a 
neutral aqueous solution (boiler feed water is usually treated to 
reduce scale formation) containing considerable oxygen. The 
corrosive action of this water is reduced in some boiler installa- 
tions by preheating the water to drive off the oxygen. Since boiler 
failure is generally caused by corrosion fatigue (discussed in sec- 
tion 80), it is necessary to keep the fiber stress in the boiler plate— 
which is usually an untreated 0.25 per cent carbon steel— as low as 
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10,000 lb. per sq. in. or preferably even lower. Boilers are also 
subject to corrosive attack at the riveted seam. This is apparently 
related to the amount of alkali in the water. If the sodium sul- 
phate in the water is maintained at a definite ratio to the amount 
of sodium carbonate (the ratio varies with the boiler pressures), 
Jailures are largely prevented. 

197. Corrosion Resistance of Low-alloy Steels—With the ex- 
ception of carbon steel containing 0.15 to 0.30 per cent copper 
—this is actually a low-alloy steel but is not usually classified 
as such— and some of the low-alloy structural steels contain- 
ing nickel and copper or copper and phosphorus as alloying 
elements, none of the low-alloy steels is much more corro 
sion resistant than the unalloyed carbon steels. It is true 
that some low-alloy steels containing copper and phosphorus 
or nickel and copper are more resistant than carbon steels to 
atmospheric and water corrosion, but, except for the new nickel- 
copper steels, the improvement due to these alloying elements 
is not usually enough to permit their economical use from the 
standpoint of corrosion resistance alone. 

For resistance to rural and marine atmospheres the most eflec- 
tive economical method of improving carbon steel is to add 
copper. The effect of this element on the life of 22-gage (0.031 
in. thick) low-carbon sheets is indicated by Fig. 118. In these 
tests, additions of 0.15 to 0.30 per cent copper doubled the life of 
the sheet. In industrial atmospheres, copper may or may not 
increase the useful life of steel depending largely upon the con- 
tamination of the atmosphere by sulphur and other corrosive 
agents, and to a lesser degree upon the composition of the steel. 
Copper steel cannot be considered corrosion resistant in indus- 
trial atmospheres. 

Another element that retards atmospheric corrosion of carbon 
and low-alloy steels is phosphorus, especially when used together 
with copper. In tests by Lorig and Krause ° in which sheet steels 
of various compositions were exposed to the atmosphere for three 
years it was found that the addition of 0.15 to 0.20 per cent phos- 
phorus added 40 per cent to the average life of the low-carbon 
sheets and 25 to 30 per cent to the life of low-alloy steel sheets. 

An important development in low-alloy steel for resistance to 


5 The Iron Age, v, 144, 1939, Oct. 26, pp. 28-31. 
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atmospheric corrosion was reported recently.® The steel is low 
in carbon and contains 2 to 4 per cent nickel, with or without the 
addition of up to 2 per cent copper. Tests (still going on) for 



0 0.1 0.2 0.3 0.4- 0.5 O.fc 

Copper . per cent 


Fig. 118— Effect of copper on the atmospheric corrosion of low-carbon iron 
and low-carbon steel (McKay and Worthington; see footnote, p. 351). 


seven years indicated that the probable life (defined as the time 
at which half of the sheets in a given class have failed) of sheets 
0.015 thick is as follows: 


Nickel, 
per cent 

Copper, 
per cent 

Probable life, 
months 

Nickel, 
per cent 

Copper, 
per cent 

Probable life, 
months 

0 

0 

24 

2 

0 

. 37 

0 

I 

32 

2 

I 

62 

0 

2 

32 

4 

0 

>85 

1 

0 

32 

4 

I 

>85 

I 

05 

37 

4 

2 

>85 


6 N. B. Pilling and W. A. Wesley. Preprint 28, American Society for Testing 
Materials, June 1940. 
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It should be remembered that nickel, copper, and phosphorus 
do not prevent corrosion. Steels containing these elements as 
alloys start to rust as soon as do carbon steels. If the environment 
is such that the relatively adherent impervious film of oxide 
characteristic of these steels is formed, corrosion is, however, 
slowed down, but in unsuitable environments these steels corrode 
as rapidly and fail as soon as carbon steels. Since the surface on 
copper and copper-phosphorus steels becomes unsightly as rapidly 
as on unalloyed steels, they are not suitable for ornamental pur- 
poses. For roofing and in similar applications where exposure to 
rural and seacoast atmospheres is involved, these steels, especially 
if galvanized, usually have 2 to 5 times the life of unalloyed 
carbon-steel or ingot-iron sheets. 

ig8. Protective Coatings for Carbon and Low-alloy Steels— 
For most purposes the best and the cheapest protective coating is 
paint, thoroughly and frequently applied. This method of pro- 
tection is so well known that further attention is unnecessary 
here. The other method of protecting ferrous materials from 
corrosion (and in many instances also of increasing the orna- 
mental value) is to coat with zinc, tin, lead, chromium, or nickel. 
In general a zinc coating (galvanizing) is the best protection, 
because electrochemically zinc is less noble than iron and will 
protect the steel even if the coating is broken. This is important 
as coated steel is rarely free from pinholes and scratches. 

Zinc coatings are resistant to the atmosphere. Acids and alkalis 
attack the coating rapidly, but in fresh water (not distilled) and 
in salt water it is relatively resistant. Galvanized water pipes and 
tanks are widely used, but the coatings, both inside and outside, 
are heavy. Zinc-coated steel containers are not used for handling 
food products since many foods are sufficiently acid to attack zinc. 
Moreover, tin is considered to be less toxic. The toxicity of zinc, 
which is negligible in the amounts present in drinking water, 
might be serious if galvanized containers were used for food 
products. Thin galvanized sheet containing 1 to oz. of zinc 
per sq. ft. of surface has an average life of 20 to 30 years in rural 
atmospheres, but the life is less than half this in industrial atmos- 
pheres. As the thickness of tlie coating decreases, the expected 
life of the steel decreases. 

Tin-coated sheet steel, as noted in the previous chapter, is used 
chiefly for food containers. Tinplate has an attractive appear- 
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ance, is ductile and easy to solder, and the tin is cheaply and 
cavsily applied to the steel by hot dipping. The coating is rarely 
free from pinholes, and as tin stands higher in the electrochemical 
scries (i.e., it is nobler) than iron, it accelerates the corrosion of 
the underlying steel where there are discontinuities in the plate. 
Tinplate is resistant to corrosion by neutral or weakly acid liquids 
in the absence of air; in the sealed tin can corrosion will be neg- 
ligible if, as is nearly always the case, the amount of oxidizing 
agent is insufficient to strip the tin from relatively large areas 
during the time the can is in use. For many purposes the possi- 
bility of appreciable corrosion is lessened by enameling or lac- 
quering the interior of the can. Tin is resistant to most waters 
and to the atmosphere even in industrial districts, but its cost 
is too high for extensive use where atmospheric and water cor- 
rosion are important. 

It is stated in Chapter 19 that lead is widely used because of its 
high resistance to corrosion by air, water, and many acids and 
other chemicals— mostly as the pure metal or as a lead-base alloy. 
A relatively small amount is used in lead-coated steel and in 
terne plate (75 to 85 per cent lead, remainder tin) used as roofing 
sheets. For atmospheric corrosion resistance steel is occasionally 
coated with cadmium. This element, like zinc, is less noble than 
iron. Cadmium-plated steel is not widely used because of its cost. 

Chromium is deposited electrolytically on steel and on many 
non-ferrous alloys as a coating 0.00001 to 0.0001 in, thick. Heavier 
coatings do not have satisfactory properties. The corrosion resist- 
ance of chromium plate, like the corrosion resistance of high- 
chromium steel (see sections 130 and 133), depends upon the 
tendency of the material to become passive, in other words to 
form a thin tight coating which inhibits further attack. As an 
oxidizing agent is necessary for this passivity, it follows that 
chromium plate is resistant primarily to oxidizing agents (i.e., 
air, water, some salt solutions, and oxidizing acids). Because 
under such conditions the rates of corrosion are very low, chro- 
mium plate has been used extensively for automotive and marine 
hardware and plumbing fixtures where the ornamental value is 
an added asset. High cost has prevented wider application. 

Nickel is plated on steel and copper alloys to increase the 
resistance of these materials to the atmosphere and to improve 
their appearance. The principal disadvantage of nickel plate, 
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aside from its cost, is its porosity; with steel, galvanic cells are set 
up in the pores, and corrosion of the base metal is accelerated. 
In addition, the coating is usually so thin (o.ooi in. or less) that 
the base metal is readily exposed by abrasion. Nickel plate lasts 
for years when used indoors; outdoors its life is much shorter; 
and it is not suitable for exposure to seacoast or industrial at- 
mospheres. It is, furthermore, not resistant when immersed in 
fresh or salt water, acids, alkalis, or food products. 

199. Corrosion Resistance of High-alloy Steels and Cast 
Irons— The effect of 10 to 35 per cent chromium, alone or together 
with nickel or other alloying elements, on the corrosion and 
oxidation resistance of carbon steel has been discussed in enough 
detail in Chapter 14 so that only a brief additional statement is 
warranted here. As noted previously, the outstanding character- 
istic of these alloys is their ability to become passive. Corrosion 
rates in this condition are from 1 or less to about 10 mg. per sq. 
dm. per day. Resistance to acids depends upon whether the 
oxidizing capacity or the acidity of the corrosive agent is the 
stronger. Nitric acids of nearly all concentrations cause passivity; 
hydrochloric acid on the other hand causes rapid corrosion. Some 
concentrations and some degrees of aeration of sulphuric acid 
produce passivity; others cause rapid attack. Mixtures of sul- 
phuric and nitric acids produce passivity as does sulphuric acid 
containing copper or iron sulphate, and sulphurous acid. The 
high-chromium steels are passive to a large number of organic 
acids, to caustic alkalis, to ammonia, to salt solutions if enough 
air is present to maintain the protective film, to all fresh waters, 
and to food products. In rural and urban atmospheres, these 
materials approach the precious metals in resistance; in industrial 
atmospheres, corrosion increases with the amount of sulphur in 
the atmosphere. 

High chromium, usually together with high nickel, is necessary 
for resistance to oxidation at elevated temperatures. Thejse ma- 
terials, which are discussed briefly in previous chapters (pp. 238 
and 348) and which include low-carbon 18 per cent chromium, 
8 per cent nickel steel, 25 to 35 per cent chromium steel, 35 per 
cent nickel, 15 per cent chromium steel, the 80 per cent nickel, 20 
per cent chromium alloy, and the 62 per cent nickel, 15 per cent 
chromium, 23 per cent iron alloy, have long life at temperatures 
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of 1300 to 1800° F. (700 to 980^ C.) and are used in oil refineries, 
power plants, furnaces, and chemical plants. 

There are two other high-alloy materials which are important 
because of their acid resistance. One of these is cast iron contain- 
ing 13 to 15 per cent silicon. Castings of this alloy are so hard 
that they cannot be easily machined, yet, despite this handicap, 
this alloy is used extensively in chemical-plant equipment. Its 
corrosion rate is less than 1 mg. per sq. dm. per day in most 
concentrations of (cold) sulphuric, nitric, acetic, phosphoric, 
oxalic, and several other important organic acids. The high- 
silicon alloy is one of the few known materials that resist both 
oxidizing and non-oxidizing acids. The only acid which corrodes 
it fairly rapidly is hydrochloric. The resistance of this alloy is 
attributed to a thin adherent film of silica. The other high-alloy 
material is austenitic cast iron. It usually contains at least 20 
per cent alloying metals of which nickel is about 15 per 
cent. One grade also contains 6 per cent copper and 2 per 
cent chromium, another contains more chromium and no copper. 
Castings of austenitic cast iron are used in applications where 
resistance to acids and other chemicals is important, especially in 
paper manufacturing and in oil refining. 

200. Corrosion Resistance of Heavy Non-ferrous Alloys— As 
noted in the previous chapter (section 188), nickel and nickel- 
base alloys are resistant to non-oxidizing acids— sulphuric, hydro- 
chloric, phosphoric, acetic— and to caustic alkalis, and are, there- 
fore, used industrially where these corrosive agents are en- 
countered. Their widest use, however, is for resistance to water, 
especially ground and sea water. Corrosion rates are usually less 
than 1 mg. per sq. dm. per day, and aeration is not an accelerating 
factor. 

Nickel and nickel-copper alloys are also resistant to food and 
dairy products, and to the atmosphere. The corrosion rate of 
these materials when used for containers, conveyors, table tops, 
and other equipment in food-processing industries is low, and 
there is, moreover, practically no chance of toxic contamination. 
In sulphur-free atmospheres, nickel and nickel-copper alloys have 
corrosion rates of less than 2 mg. per sq. dm. per day. 

Copper and copper-base alloys have, as noted in Chapter 18, 
excellent resistance to a wide variety of corrosive media. They 
are not resistant to oxidizing acids, aqueous ammonia, and a few 
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Strong corrodents such as chlorine but may be used for handling 
non-oxidizing acids, food products, salt water, and all kinds of 
fresh water. Copper is the most useful common metal for resist- 
ing sea water: upon submersion in quiet water, corrosion rates 
are less than 1 mg. per sq. dm. per day, and even under the worst 
conditions the rate is seldom more than 10 or 15 mg. Copper 
oxide is poison to marine life, which does not collect on sub- 
merged copper or high-copper alloys. The corrosion resistance 
of copper and its alloys in the atmosphere is less than 1 mg. per 
sq. dm. per day. Moreover, some of the corrosion products are 
so protective that a life of 100 years is usual for sheet 0.05 in. thick. 
Copper and copper alloys need no protective coating for atmos- 
pheric exposure. 

201. Corrosion Resistance of Light Alloys—Magnesium is the 
least noble of the useful metals, and neither it nor its alloys should 
be used in contact with the other common metals in any corrosive 
environment, especially when moisture is present. Magnesium 
has great affinity for oxygen, but its oxide, if unbroken, is pro 
tective; and corrosion rapidly slows down. In rural and indus- 
trial atmospheres the film is protective, but it rapidly breaks down 
if salt is present. Magnesium and its alloys have satisfactory cor- 
rosion resistance in the atmosphere if the surface is roughened by 
chemical treatment and the proper paint is applied. Magnesium 
alloys are fairly resistant to fresh water, but in salt water the rates 
of corrosion vary from 50 to 10,000 or more mg. per sq. dm. per 
day; corrosion by pitting is frequently encountered. Magnesium 
is fairly resistant to hydrofluoric acid but is rapidly attacked by 
all the other acids. 

Although aluminum is one of the least noble of the metals and 
is rapidly oxidized, it is one of the most generally corrosion resis- 
tant of all the metals owing to the thin, continuous, and tightly 
adherent film of oxide formed on the surface. This oxide film 
is readily soluble in alkalis and in some acids. Aluminum is, 
however, used industrially to handle concentrated' nitric acid 
and all concentrations of acetic acid. Its corrosion resistance is 
high in water, the atmosphere, and salt solutions. 

Pure aluminum is more corrosion resistant than its alloys. Of 
the latter, the wrought aluminum-manganese alloys (S.A.E. 29 
and 20, Table 19) and the cast aluminum-silicon alloys (S.A.E. 35, 
87. 523 * 305» and 307, Table 20) are more resistant than the 
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Others in sea water. Ornamental architectural sections o£ alumi- 
num or any of its alloys last indefinitely in most rural and urban 
atmospheres. 

Intercrystalline corrosion, briefly mentioned on p. 299, has been 
the subject of extensive study, and now can largely be prevented 
by proper heat treatment, i.e., by aging at room temperature and 
not at a higher temperature or— better yet— by the use of Alclad 
(see p. 300) properly heat treated. Intercrystalline corrosion is 
detected readily by the tensile test and is evidenced by a drop in 
tensile strength of about 50 per cent. 

Pitting which may be frequent in aluminum alloys is caused 
by localized breaking of the oxide film and is most frequently en- 
countered upon exposure to sea water and sea air. For rural and 
urban atmospheres aluminum and its alloys need no protection; 
for exposure to salt water and salt spray it is advisable to use 
Alclad, or to give the metal an anodic oxidation treatment— which 
increases the thickness of the oxide coating— followed by painting. 



Chapter 21 


THE EFFECT OF TEMPERATURE ON THE 
MECHANICAL PROPERTIES OF FERROUS 
AND NON-FERROUS ALLOYS 

Since most high melUng point metals and alloys are elastic 
when stressed at normal temperature, there is no appreciable plas- 
tic deformation (permanent set) so long as the applied load does 
not exceed the elastic limit. Furthermore, most metals and alloys 
when subjected at normal temperature to stresses above the elastic 
limit— as in cold working— strain harden; in other words, perma- 
nent deformation distorts the grains and increases strength and 
hardness. This is true of metallic materials stressed at elevated 
temperature as well as of those stressed at normal temperature, 
so long as the temperature is below that at which rapid recrystal- 
lization takes place. For many years certain metals and alloys, 
especially carbon steels, have been used successfully at tempera- 
tures considerably above normal in boilers, pipes, stills, valves, 
pumps, cylinders, pistons, and others; successfully, because the 
loads imposed were relatively low and because the temperatures 
were well below the recrystallization (softening) temperature. 

When engineers, some 15 or 20 years ago, began to increase 
temperatures and pressures for the operation of power-generating, 
oil-refining, and similar equipment, they discovered that marked 
economies resulted. Thus, 25 years ago, with steam heated to 
650° F. (345° C.) and pressures at 250 lb. per sq. in., it was neces- 
sary to burn 1.5 lb. of coal to produce 1 kw-hr. of electricity; by 
1930, with steam pressures of 1250 lb. per sq. in. and temperatures 
of 750® F. (400*^ C.), only 1 lb. of coal was necessary. Modern 
power-generating plants use pressures of 2500 lb. per sq. in. with 
temperatures of 950® F. (510*^0.) with further increase in effi- 
ciency and decrease in cost. Unfortunately, however, when en- 
gineers discovered the economy resulting from the use of higher 
temperatures and pressures, they uncovered a hornets' nest of 
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trouble for themselves and several hornets’ nests of trouble 
for the metallurgist. It happened that equipment operating 
at higli temperatures and presumably designed conservatively 
with an ample factor of safety warped and even failed; the carbon 
and low-alloy steels being used, instead of deforming elastically 
as well-behaved steels should, deformed plastically under surpris- 
ingly low loads. In brief, the engineer discovered creep, and 
neither he nor the metallurgist knew what to do about it. 

As is evident from this introduction, creep is a phenomenon 
involving small amounts of plastic deformation over long periods 
of time at elevated temperatures. Entering importantly into 
creep is strain hardening which is opposed by the softening that 
occurs during recrystallization. Recrystallization is a phenome- 
non which depends upon time, temperature, stress, and the pre- 
vious structural condition of the material. For steel, the recrystal- 
lization temperature varies from about 700 to 850^^ F. (370 to 

455° C.). 

202. The Importance of Creep— It has been known for many 
years that some of the soft, ductile, low-melting metals— lead and 
tin are common examples— and their alloys are not elastic but 
deform plastically at room temperature when lightly stressed. 
Lead, in fact, will creep, or flow, under its own weight, and this 
phenomenon is taken into consideration in designing and using 
lead pipe and roofing sheets. It has also been known for a long 
time that steel and other high-melting metallic materials would 
deform plastically, or creep, if stressed at high temperatures, but 
little was known about the magnitude of this deformation, and 
little attention was paid to its industrial consequences until Dick- 
inson ^ demonstrated in 1922 that steel deformed slowly at a 
red heat under stresses that were much lower than the values 
used in what was then considered good design. The connection 
between this slow creep at high temperature and the failure of 
certain power-generating equipment was established, and the 
importance of creep was quickly recognized. As a result, the 
American Society of Meghanical Engineers and the American 
Society for Testing Materials set up a joint committee in 1924 to 
study the phenomenon, to devise a method of determining creep, 
and to accumulate useful data on the creep of industrially impor- 


1 /. Iron Steel Inst,, v. 106, 1922, p. 103. 
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tant metallic materials. This committee, and similar organiza- 
tions abroad, have done a notable job in all of these fields. 

In addition to superheaters and other power-generating equip- 
ment such as turbine parts, bolts, tubes, valves, etc., there are 
many other fields in which the creep of metallic materials is im- 
portant. In oil refining, for example, tubes in cracking stills are 
frequently operated with oil heated to 800 to 1200° F. (425 to 
650° C.) inside and with outside temperatures as high as 1500 or 
1600® F. (815 to 870® C,). In heat-treating furnaces and in the 
ceramic and chemical industries, vessels, conveyors, boxes, and 
other parts may be required to withstand loads of considerable 
magnitude at temperatures as high as 1900 to 2000° F. (1040 to 
1095® C.). 

203. The Engineering Significance of Creep—In the selection 
of a steel or other alloy for high-temperature use the mechanical 
properties of the material as determined at room temperature are 
of little importance. The requirements for metallic material 
which is to be used in various kinds of equipment operating at 
high temperatures vary widely, but in general the following are 
important: (1) the metal should be resistant to oxidation or other 
attack by the hot gases (including air) which are present; (2) it 
should have a stable structure which will remain relatively un- 
changed under the stress and temperature conditions imposed; 
(3) it should withstand the stress imposed with a negligible or at 
least with a harmless amount of distortion for the useful life of 
the equipment; and (4) it should withstand momentary overloads 
at the usual operating temperature, or short periods of fluctuat- 
ing temperature at normal loads. There are few metallic ma- 
terials which meet all these requirements. It is, therefore, not 
easy for the metallurgist to supply the engineer with materials 
suitable for equipment operating at high temperatures and fairly 
high loads. This difficulty is not lessened by the fact that engi- 
neers are usually uncertain about the exact loads and the exact 
temperatures in the equipment they design and use. 

Engineering requirements for the stability of metallic materials 
at elevated temperatures vary widely in different industries. This 
was emphasized by Gillett ^ who noted as one extreme that tur- 
bine discs should not stretch more than 0.2 per cent in 25 years 


2 Trans, Am, Inst. Min. Met, Eng,, v. 135, 1939, pp. 15-58. 
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(approximately 200,000 hr.), which means that the permissible 
rate o£ creep is of the order of 1/100,000,000 in. per in. per hr. 
As the other extreme, in furnace parts, for tubes in oil-cracking 
stills, and for similar equipment, the total allowable deformation 
can frequently be 5 per cent in a useful life of approximately 5 
years (approximately 45,000 hr.) or about 1 per cent in 10,000 hr. 
This is equivalent to 1 /i, 000,000 in. per in. per hr. The difficulty 
of determining accurately such small deformations is evident 
when it is recalled that thermal expansion in carbon steel is 
about 7/1,000,000 in. per in. for each 1° F. 

204. The Determination of Creep—Despite the fact that a 
number of laboratories in the United States and abroad are work- 
ing on creep, relatively few data are available on ferrous materials 
and practically none on non-ferrous metals and alloys. The cause 
for this is twofold. In the first place, the determination of creep 
is difficult, expensive, and time consuming; in the second place, 
much time ivas wasted early in the development of creep testing 
(1924 to 1930) in trying to find a rapid method of evaluating 
creep. It took a long time to discover that there is no short cut. 
As the result, a long-time method was finally worked out and 
was tentatively standardized by the American Society for Testing 
Materials ^ by which concordant results could be obtained by 
well-equipped laboratories working independently of each other. 

The equipment necessary consists of an electric furnace capable 
of close temperature control and a suitable device for holding the 
specimen in exact alignment in the furnace. The load is applied 
by dead weights through a system of levers. A battery of modern 
creep-testing furnaces and their auxiliary equipment is shown in 
Fig. 119.^ Test specimens are usually 0.505 in. in diameter (cross- 
section 0.2 sq. in.) and have a gage length of at least 2 in. 

The most important variables in creep testing are temperature 
control and accurate measurement of elongation under load. 
Temperature variations for steel should not exceed ±13® F. for 
temperatures of 1200® F. (660® C.) or below, ±5° F. for tempera- 
tures between 1200 and 1600® F., and ±10® F. for temperatures 
of 1600® F. (870® C.) or above. The need for accurate tempera- 
ture control is shown by the fact that with some loads increasing 
the temperature 10® F. may double the creep rate. The time for 

Standards, 1939, part I, Spec. Eaa-sST, p. i*6i. 

* Courtesy ot Battelle Memorial Institute. 
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the test should never be less than i per cent, but preferably it 
should be 5 or lo per cent, of the estimated life of the material in 
service. Gillett emphasized that in many instances it takes 500 hr. 
for a metal to make up its mind how it is going to creep. It is 
necessary, therefore, to run the test 1000 to 3000 hr. to evaluate 
the rate with any certainty. Thus at least 6 weeks, and frequently 
several months, are necessary for one test. 



Fig. ii9~Modern creep-testing equipment. The electric furnaces for heating 
the specimens are shown at the left (white); the lever system for loading 
the specimens is above the furnaces (Battelle Memorial Institute). 


From the creep rates for the stresses used, as determined at a 
single temperature by a 1000- to 3000-hr. test, the stress producing 
the maximum creep permitted for the expected life, namely 
10,000 to 500,000 hr., is arrived at by extrapolation (see Fig. 120). 
Creep is usually reported as the stress producing 1 per cent 
elongation in 10,000 or 100,000 hr, or preferably 0.1 or 0.01 per 
cent in looo hr. There is considerable question about the accu- 
racy of such extrapolations. A number of methods of plotting 
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have been proposed, and a number of mathematical formulas 
have been worked out in the hope of increasing the accuracy of 
extrapolation. This has been discussed in detail by Gillett,® and 
no further comment is necessary here other than the brief state- 



Fig. 120—Creep rate versus creep stress for a 0.30 per cent carbon steel 
(Ranter, American Society of Mechanical Engineers and American Society 
for Testing Materials, Symposium on Effect of Temperature on the Properties 

of Metals, 1931). 

ment that, if the creep rate is determined carefully for various 
stresses and is plotted on a logdog scale of stress versus rate (Fig. 
120), the values arrived at by extrapolation can be used in design 
provided a suitable factor of safety is applied- 

0 Sec footnote 2, this chapter. 
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205. The So-called Creep Limit and the Relation of Creep to 
Other Properties— Early in the history of creep testing much time 
and effort were wasted in trying to prove that metallic materials, 
especially steel, had a creep limit—in other words, that for each 
temperature there was a limiting stress below which creep would 
not take place, or below which the distortion was inconsequential 
—and that the “creep limit” or “limiting creep stress” could be 
determined and used in engineering design. It was finally found, 
however, that there can be no such thing as a creep limit or limit- 
ing creep stress. Much effort was also wasted in trying to corre- 
late the stress causing a very small amount of creep with the short- 
time proportional limit, determined very accurately at the same 
temperature, or with some other short-time elevated-temperature 
property. This was also found to be impossible, as is evident from 
Figs. 121 ® and 122 for rolled and cast carbon steel, respectively. 
In Fig. 121, there is no correlation between the short-time tensile 
strength, yield strength, and proportional limit and the stresses 
producing 0.1 per cent, 1 per cent, and 10 per cent elongation in 

10.000 hr. In Fig. 122 , there is no correlation between the short- 
time properties and the stresses producing 1 per cent creep in 1 to 

100.000 hr. except for the apparent connection between short-time 
proportional limit and the stress producing 1 per cent creep in 1000 
hr., and this is purely coincidence. At temperatures at which strain 
hardening occurs, the creep stress (for 1 per cent elongation or 
less in 1000 hr.) is frequently higher than the short-time propor- 
tional limit; ® at higher than recrystallization temperatures, it 
is usually lower, and no mathematical relation between the two 
has as yet been discovered. 

In addition to these efforts, a serious attempt was made, espe- 
cially in Germany, to determine creep by a short-time method, 
usually by guessing the amount of creep for 10,000 or 100,000 hr. 
from the amount that occurred between the fifth and the tenth, or 
between the fortieth and tne sixtieth hour. It is impossible to 
determine creep until the test has been carried on long enough 

«J. J. Kanter and L. W. Spring, Proc. Am. Soc. Test. Mat., v. «8, II, 1928. 
pp. 80-116. 

7 J. J. Kanter, *‘The Creep of Metals and Alloys,” in Metals Handbook, 
American Society for Metals, Cleveland, 1939. p. 504. 

8 Short-time proportional limits as determined by different laboratories 
seldom check each other. 
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to establish the character of the creep curve. Depending upon 
the load, the temperature, and the material being tested, this may 
take from a few days to a year or more. At present, tests carried 
on for less than looo hr. are not considered to have any signifi- 
cance in establishing the rate of creep. 

Temperature^ deg. C. 



Fig. 121— Effect of temperature on short-time tensile properties and on creep 
stress of rolled and normalized 0.17 per cent carbon steel (Ranter and Spring). 

206. The Three Stages of Creep— Three typical creep curves 
are shown in Fig. 123,® marked to show the three stages of creep. 
Depending upon the applied load, the temperature, and the mate- 

> Bibcock and Wilcox Tube Co., Tech. Bull. 6C, 1958. 
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rial, the curve may turn up as in A; the specimen stretches at an 
increasing rate until finally it necks down and breaks. It may 

Temperaiure^ deg. C. 



POO 800 900 fOOO ffOO WOO 

Temperature^ deg. F. 

Fig. 122— Effect of temperature on short-time tensile properties and on creep 
stress of cast carbon steel (Ranter). 



Tim 6 — ► 

Fig* 123— Typical curves for three stages of creep (Babcock and Wilcox 

Tube Ck).). 

also turn down as in C; in other words, the amount of elongation 
may decrease with time. It may also continue without curvature. 
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as in B, and give no indication, over many thousands of hours, 
whether the elongation will eventually increase as in A or decrease 
as in C. 

The first stage of creep is called by Gillett the period of stress 
distribution. It is represented by a relatively large initial de- 
formation, OSy as the favorably oriented crystals slip under stress, 
which then distributes itself and affects the crystals that are less 
favorably oriented. This continues until the total slip is uniform 
and is much smaller in magnitude than at the start. The length 
of time for stage i to be completed varies greatly; it is frequently 
as much as 500 hr. 

During stage 2 {SF, Fig. 123), slip continues, but unless the 
temperature is so high that rapid recrystallization takes place, 
there is strain hardening which tends to slow down deformation. 
There is also recrystallization which tends to speed up elonga- 
tion under stress but which is a relatively slow process unless 
conditions arc wholly favorable. Stage 2, therefore, represents 
an approximate balance between strain hardening and recrystal- 
lization and may continue for thousands of hours. During stage 
2, creep is at a constant rate or an asymptotic approach to a con- 
stant rate. The rate of creep in stage 2, or the stress which at 
any given temperature produces a rate which can be extrapolated 
to 1 per cent in 10,000 or 100,000 hr., is the value used in engineer- 
ing design. 

If, after a period of time, the recrystallization (annealing) 
tendency is stronger than the strain-hardening tendency, creep 
increases. Finally the specimen necks down slightly, which in- 
creases the unit load. This increases the deformation as in curve 
FAy Fig. 123, and soon the specimen fails. If, on the contrary, 
the strain-hardening tendency is stronger than the annealing 
tendency, the rate of deformation decreases, and the curve turns 
down as in C, Fig. 123. 

The shape of creep curves as dependent upon stress for two 
temperatures is shown by Fig. 124,“ in which group A is for a 

10 Physicists call the restoration of perfect crystals from distorted ones of the 
same orientation “crystal repair,” and the production of new crystals of 
random orientation from distorted ones “recrystallization.” This is a dis- 
tinction of minor importance here. 

11 H. J. Tapsell, Creep of Metals, Oxford University Press, London, 1931, 
pp. 1*7, 1*8. 
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temperature at which strain hardening is considerable and group 
B for one at which strain hardening is small. It is evident from 
this figure that to have reasonable assurance that no more than 
the permissible creep (o.i or o.oi per cent in looo hr.) will occur 
in a life of 200 days— as based upon a test of 1000 hr. (40 days)- 
the rates of elongation should not be greater than is shown for 
curves 6 and 7. Any upward inflection of a creep curve within 
a testing period of 1000 hr. is an indication that in time the speci- 
men will either break or elongate more than is desirable. When 
the stresses producing no more than the permissible amount of 



Fig. 124— Shape of creep curves at temperature (A) where strain hardening is 
considerable and (B) where strain hardening is small (Tapsell). 

creep— as evidenced by the curve for stage 2— have been deter- 
mined for a number of temperatures, the whole series may then be 
plotted. Fig. 121 shows for 0.17 per cent carbon steel the stresses 
producing creep of 0.1 per cent, 1 per cent, and 10 per cent in 
10,000 hr. in the temperature range 550 to 1200® F. (290 to 
650^^ C.). 

207. Effect of Grain Size and Deoxidation on Creep— In addi- 
tion to temperature and applied stress, a number of other factors 
influence creep. One of the most important is grain size. More 
than 10 years ago it was noticed that coarse-grained steels gen- 
erally resist creep better than fine-grained steels of similar com- 
position. The conclusion which naturally followed was that the 
actual grain size of the specimen tested had an effect on creep. As 
noted by Gillett this concept has changed. It is now held that 


See footnote s, this chapter. 
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the important variable is the grain size of the austenite before it 
transforms to a constituent stable at room temperature, rather 
than the actual grain size of the specimen tested. It is, therefore, 
possible to change the creep characteristics of carbon and low- 
alloy steels materially by heat treating to produce coarse- or fine- 
grained austenite. Grain size is^ however, not important in some 
of the austenitic steels, especially the i8 per cent chromium, 8 
per cent nickel stainless grade, as little difference has been found 
in the creep behavior of specimens with widely varying grain size. 

The effect of grain size on creep characteristics of non-ferrous 
alloys is erratic. Clark and White,^® for example, found that 
coarse-grained brass was more creep resistant than fine-grained 
material if the testing temperature was high; at relatively low 
temperatures, the opposite was true. The same phenomenon 
was encountered in lead, tin, and alloys of these metals, but so 
many exceptions have been found that nothing definite can be 
stated. 

Another important variable in the creep behavior of steel is 
the extent of deoxidation in melting and refining. Rimming 
steel-described briefly on p. 57— even if coarse-grained, has poor 
creep resistance compared with killed steel of similar compo- 
sition. 

It is now known that many of the discrepancies in early data, 
unexplained at the time, were due to unsuspected or undeter- 
mined differences in austenite grain size or in deoxidation. 
Because of this, most of the older creep values appearing in 
the literature, even if determined with satisfactory precision, 
should be used with caution. 

In recent years many explanations have been offered for the 
effect of grain size and deoxidation on creep, but none is wholly 
convincing. It is evident that in this field alone much additional 
work is needed. The most that can be said at present is that 
rimming steels should not be used if creep is important, and that 
grain size has such a marked effect that the grain size as well as 
the composition of the steel used for high-temperature equip- 
ment involving creep should be the same as of the specimen upon 
which creep tests were made. As coarse-grained steels are 
not always of satisfactory ductility— especially in resistance to 

C. L. Clark and A. E. White, Univ. of Michigan, Eng, Research Bull. *7, 
1936, 100 pp. 
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impact— engineers should be chary about specifying them for ap- 
plications involving creep unless they are certain that low duc- 
tility is not a disadvantage. 

208. Other Variables Affecting Creep— Carbon steels, owing 
to their instability of structure and their lack of resistance to 
oxidation at elevated temperature, are not used frequently where 
creep is a factor, except at temperatures below 1000® F. (540° C.). 
Little is known definitely about the effect of the elements present 
in all carbon steels. So far as can be determined from the data 
available,^* creep is little affected by the amount of carbon, at 
least compared with the effect of grain size. The condition of 
the carbon, i.e., the structure of the steel, is much more important. 
Carbon steels containing lamellar pearlite, in which the cement- 
ite is present as relatively coarse plates, are more resistant to 
creep than steels in which the carbide is in the form of spheroids. 
Carbon and most low-alloy steels, if used in applications involv- 
ing creep, should be deoxidized in melting and should be nor- 
malized to form lamellar pearlite. Quenching and tempering 
is of no value, as holding the steel for long periods at elevated 
temperatures promotes continued tempering and in most in- 
stances causes a breakdown of lamellar pearlite to spheroidized 
cementite. In addition it may cause such rapid recrystallization 
that the retarding effect of strain hardening, which normally oc- 
curs, is partially or wholly nullified. 

The creep strength of carbon steels can be increased by adding 
a carbide stabilizer such as molybdenum. Permissible design 
values for rolled plates and forged flanges and for castings of 
carbon steel, low-nickel steel, and molybdenum steel containing 
0.40 to 0.60 per cent molybdenum, as recommended tentatively 
by the American Society of Mechanical Engineers,^® are given 
in Table 34. The effect of molybdenum is clearly shown. The 
values given in this table are not creep stresses; they are based 
upon the creep values with a factor of safety and have been used 
successfully in design. 

In some alloys that are subject to precipitation hardening, 
changes occurring during long exposure to high temperature may 

Summarized by Gillett, Trans. Am. Inst. Min. Met. Eng., v. 135, 1939, 
p. 36; and Sisco, The Alloys of Iron and Carbon, Vol. II, Properties, McGraw- 
Hill Book Company, Inc., New York, 1937, pp. 514-518. 

15 Mechanical Engineering, v. 60, 1938, p. 170, 
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Table 34. Permissible Design Values for Plates and Flanges of 
Carbon Steel, Low-nickel Steel, and Molybdenum Steel 


Temperature 

Permissible working stress, lb. per sq. in. 

Rolled 

sections 

Castings 

F 

0 

Carbon or 

Molybdenum 

Carbon or 

Molybdenum 



nickel steel 

steel 

nickel steel 

steel 

650 

345 

14,000 

14,000 

10,000 

10,000 

700 

375 

i3f3oo 

14,000 

9,500 

10,000 

750 

400 

11,900 

14,000 

8,500 

10,000 

800 

425 

10,000 

14,000 

7,200 

10,000 

850 

455 

7 ,« 5 o 

12,000 

5,800 

8,800 

900 

495 

5,600 

10,000 

4,400 

7,800 

950 

510 

3,800 

8,000 j 

3,200 ] 

6,700 

1000 

540 

2,000 

5,000 

j 

4,600 


affect the creep rate in various ways. If the size of the precipitated 
particles is small and if they act as keys to prevent slip, creep will 
be retarded. If, on the other hand, the particles are large and if 
they do not act as keys in the slip planes, the effect may be anal- 
ogous to spheroidization in carbon steels, and creep may be ac- 
celerated. Precipitated particles may collect at the grain boun- 
daries, as in 18-8, and may cause embrittlement, especially if the 
precipitation is accompanied by accelerated corrosion. The rela- 
tion of precipitation hardening to creep is complex, and no 
generalities are permissible. All that can be said at present is 
that it is important, and that, when precipitation-hardening alloys 
are used, creep tests should be run to determine their behavior 
at the important temperatures. 

209. Creep Data on Carbon and Alloy Steels— Creep data for 
carbon and a few alloy steels commonly used in high-tempera- 
ture applications are given in Table 35.^® Although they were 
obtained in recent determinations by precise methods, they 
should not be used in design without a liberal factor of safety. 
They are valuable primarily in affording a comparison of steels 

1® The creep data in Table 35 were selected from a variety of sources, princi- 
pally from the Alloys of Iron Research monograph series, from the comprehen- 
sive summary in Chapter 19 of Bullens and Battelle, Steel and Its Heat 
Treatment, Vol. II, John Wiley & Sons, Inc., New York, ed. 4, 1939, and from 
Compilation of Available High-temperature Creep Characteristics of Metals 
md Alloys, American Society for Testing Materials and American Society of 
Mechanical Engineers, 1938. 




Table 35. Creep Strength of Common Ferrous Materials Used at Elevated Temperatures 
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used in high-temperature equipment. As is evident from the 
table and from the discussion in the last section, the creep strength 
of carbon steel is low; moreover, the creep strength of low-alloy 
steels containing nickel, chromium, copper, manganese, silicon, 
and vanadium is of much the same order of magnitude as for 
carbon steels. Molybdenum, as noted previously, has a favorable 
effect. Plain molybdenum and chromium-molybdenum steels 
are used where a reasonably priced material with good creep 
strength is desired, as for tubes in oil-refining equipment. 

Plain high-chromium steels, including the low-carbon (see 
Table 35) and the medium-carbon cutlery grades, while impor- 
tant because of their corrosion and oxidation resistance, are in- 
ferior in creep characteristics to the cheaper plain molybdenum 
steels. The austenitic steels including the 18-8 and the more 
highly alloyed chromium-nickel steels, are in a class by themselves, 
with creep strengths much higher than those of any other ferrous 
alloy. This high resistance to creep may be increased by the addi- 
tion of 2 to 5 per cent molybdenum or tungsten. 

210. Creep Data on Non-ferrous Alloys— With the exception 
of tests on lead at or near normal temperature, few data have been 


Table 36. The Creep Strength of Copper-rich Alloys 


Material 

Nominal 
composition, 
per cent 

Creep strength, lb, per sq. in., for a 
creep rate of 

1% in 10,000 hr. 
{0.1% in 1000 hr,) 

1% in 100,000 hr. 
{0.01% in 1000 hr. 

Cu 

Zn 

Sn 

Ph 

400° F. 
( 205 '‘ C.) 

600° F. 
{315° C.) 

400° F. 
(205° C.) 

600° F 
(SIS’" C.) 

Brass 

Brass 

Brass 

Admiralty metal 
Admiralty metal 
Red brass 

Bronze 

70 

60 

85 

70 

77 

86 
88 

30 

40 

15 

29 

22 

5 

I 

I 

6 

12 

2 

18.000 

4.750 

12.000 

19.000 

13.000 

17.000 

15.000 

850 

2,600 

C 950 

2,500 

4,000 

3>ooo 

12,700 

2,000 

8,800 

13,000 

10,500 

290 

1,000 

1,000 

1,200 


reported on the creep behavior of non-ferrous metals and alloys. 
Most of the work on the creep of copper- and nickel-rich alloys 
has been done by Clark and White, from whose reports many 

17 c. L. Clark and A. E. White, Trans Am, Soc, Mech. Eng,, v. 53, 1931, 
FSP 53-15; and Univ. of Michigan, Eng, Research BulL 27, 1936. 
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of the data in this section have been taken. Some of them, plus 
values for red brass and bronze reported by Kanter,^® are given 
in Table 36. The high-zinc copper-zinc alloys (yellow brass) 
have poor creep resistance, and are inferior to the copper-tin 
alloys. It is characteristic of the copper-rich alloys that the creep 
strength drops off very rapidly when the temperature of recrystal- 
lization— between 400 and 600° F. (205 and 315° C.)— is reached. 

The creep resistance of nickel and nickel-rich alloys is much 
higher than that of the copper-rich alloys. Typical values re- 
ported by Clark and While for Monel (67.7 per cent nickel, 29.7 
per cent copper, 1.77 per cent iron, and 1.28 per cent manganese) 
are as follows: 


Temperature 

Creep strength, lb. per sq. in., for an 
elongation of 

° F. 

° C. 

1% in 10,000 hr. 
(0.1% in 1000 hr.) 

1% in 100,000 hr. 
(0.01% in jooo hr.) 

600 

315 

36,000 

26,000 

800 

425 

23.500 

19,000 

1000 

540 

4.300 

1,650 


At 800° F. (425° C.) the creep strength of Monel is usually 
somewhat higher than that of carbon steel, but it drops off more 
rapidly between 800 and 1000® F. (425 and 540° C.), and at the 
latter temperature it is usually somewhat lower than correspond- 
ing values for carbon steel. 

Owing to the change in structure that takes place, the strong 
alloys of aluminum are not resistant to a steadily applied load 
at temperatures of 400° F. (210° C.) or higher. 

2 1 1. Short-time Elevated-temperature Properties— The effect 
of temperature on the properties of ferrous and non-ferrous alloys 
as determined by the short-time tensile test has been investigated 
more thoroughly than creep. Although the accurate determina- 
tion of these properties is not easy, it is much simpler and more 
rapid than the determination of creep. Standard tensile speci- 
mens are used, which are heated in an electric furnace attached to 
the testing machine. The chief difficulty is to ensure that the 

18 J. J. Kanter, in Symposium on Effect of Temperature on the Properties 
of Metals, American Society of Mechanical Engineers and American Society 
for Testing Materials, 1931, p. 364. 
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temperature of the specimen is uniform and that the temperature 
indicated by the pyrometer is the actual temperature of the 
specimen. 

A typical chart of short-time tensile properties of low-carbon 
steel is shown in Fig. 121. As a rule, hardness and strength of all 
metallic materials vary inversely with temperature, while ductility 
varies directly. The magnitude of the changes is not the same 
for all metallic materials but varies with the material and its 
structural condition and, of course, with temperature. The 
changes are not necessarily uniform. In some materials, especially 
in carbon steels, tensile and yield strengths may increase at tem- 
peratures of 300 to 600° F. (150 to 315° C.) and then decrease 
at higher temperatures. Endurance limit usually follows tensile 
strength. Modulus of elasticity also decreases with temperature, 
but at 600° F. (315"^ C.) or above it is difficult to determine the 
modulus accurately. 

Since short-time tensile and other properties of steel and non- 
ferrous alloys are not of great interest to engineers, no generalities 
will be attempted here except to state that for most ferrous mate- 
rials, including the austenitic steels, the strength at 1200® F. 
(650® C.) is nearly always less than 50 per cent, and at 1400® F. 
(760® C.) less than 25 per cent, of the room-temperature value. 

Some cast aluminum alloys retain their strength well at 400® F. 
(205® C.); others lose strength rapidly at 300° F. (150® C.) or 
above, as do most of the wrought alloys. At 600® F. (315° C.) or 
slightly above, the strength of aluminum alloys is 10 to 30 per 
cent of the room-temperature values. In general, the copper- 
rich alloys lose strength very rapidly at temperatures above 600® F. 
Alloys with a tensile strength of 60,000 to 70,000 lb. per sq. in. at 
room temperature and a strength of 50,000 to 60,000 lb. per sq. 
in. at 600® F. have a strength of less than 20,000 lb. per sq. in. at 
800® F. (425® C.). Nickel-rich alloys lose strength at 800® F. or 
above: for example. Monel with a strength of 90,000 lb. per sq. in. 
at room temperature, and of about 75,000* at 800® F., has a 
strength of 40,000 lb. per sq, in. at 1200® F. (650® C.) and of about 
20,000 at 1400® F. (760® C). 

Determination of short-time tensile properties is useful to the 
metallurgist as a rough preliminary estimate of elevated-tempera- 
ture stability. To the engineer the short-time elevated-tempera- 
ture properties are of limited value. They are perhaps a measure 
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of the ability of a material to withstand occasional overload or 
occasional brief periods of increased temperature; and of the 
ability of a material to withstand without serious changes in 
structure and properties high temperatures where steady loading 
is not involved or where stresses are low— as in pistons and other 
parts of internal-combustion engines. 

212. Effect of Low Temperatures on the Properties of Me- 
tallic Materials-~In addition to knowing the properties of metal- 
lic materials at temperatures considerably above normal, the 
metallurgist and the engineer should know something of the 
behavior of metals and alloys at temperatures considerably below 
the normal range of o to 100° F. In northern latitudes the metals 
used for rails and railroad equipment, automobiles, and other 
machines are subjected occasionally to temperatures as low as 50 
or 60® F. (45 or 50° C.) below zero. Aircraft operating at high 
altitudes also encounters low temperatures. In a number of 
fields, therefore, it is necessary to know the effect of these low 
temperatures on the properties of metals. The testing of metals 
at these temperatures is not easy, but the technique has been 
developed to such a degree of accuracy that reliable property 
values are readily secured. Refrigeration by ice and salt is used 
for moderately low temperatures, for —75 to —100° F. (—60 to 
— 75° C.) solid carbon dioxide (dry ice) is available, and for lower 
temperatures liquid air, oxygen, or helium is used. 

Some typical data reported by Russell are given in Table 37. 
These show that tensile and yield strengths increase as the tem- 
perature decreases. Elongation and reduction of area depend 
upon the nature of the alloy. For some the ductility decreases, 
for others it increases. Most alloys, however, are embrittled to 
an appreciable extent by cooling to subzero temperatures. 

The most marked effect is the decrease in the impact resistance 
of many steels at subnormal temperature, a phenomenon that is 
not common in non-ferrous alloys. This is shown by Fig. 125.^° 
At temperatures between o and —40® F. (—18 and —40® C.) the 
impact value may drop to less than 5 ft-lb. In addition to de- 

10 H. W. Russell, in Symposium on Effect of Temperature on the Properties 
of Metals, American Society of Mechanical Engineers and American Society 
for Testing Materials, 1931, p. 658. 

00 Based on data in Nickel Alloy Steels, The International Nickel Company, 
Inc., New York, Section V, p. *. 
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* Th® propcrtiM of austenitic steels at low temperature depend upon the amount of austenite that transforms to martensite. 
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veloping this brittleness, carbon and some alloy steels may be very 
erratic in their resistance to impact: material of essentially the 
same chemical composition may, at the same temperature, have 
considerable toughness or practically none at all. This is due 
primarily to a difference in grain size: fine-grained steels are 



Fig. 125 —Effect of low temperatures on the impact resistance of: (A) water- 
quenched low-carbon 18 per cent chromium, 8 per cent nickel steel; (B) an- 
nealed low-carbon 3.5 per cent nickel steel; (C) annealed low-carbon 13 per 
cent chromium stee*l; (D) normalized 0.35 per cent carbon, 1.5 per cent 
nickel, 0.6 per cent chromium steel; (£) annealed 0.35 per cent carbon steel: 
»ind (F) normalized 0.35 per cent carbon steel. Specimens for steels B and E 
had keyhole notch; others had V notch (The International Nickel Co.). 


tougher and retain their toughness at lower temperatures than 
coarse-grained material. 

In general, quenched and tempered low-alloy steels are reason- 
ably resistant to impact at temperatures down to — 100° F. or 
even lower. Normalized steels, however, having properties other- 
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wise satisfactory in pressure vessels for low-temperature distilla- 
tion (as in dewaxing oil) are, with two notable exceptions, un- 
satisfactory because of rapid loss of toughness as the temperature 
falls below o° F. These two exceptions are (i) low-carbon 3.5 
per cent nickel steel and (2) low-carbon 0.75 per cent chromium, 
0.50 per cent copper, 0.25 per cent silicon steel. Owing to the 
relatively high copper content of the second steel, it is frequently 
defective on the surface after rolling; this can be avoided by add- 
ing about 0.60 per cent nickel. 

The low- temperature impact resistance of the nickel steel is 
shown in Fig. 125 (steel B), together with impact values of some 
other annealed or normalized steels for comparison. This steel 
and the low-carbon chromium-copper steel are used in welded 
pressure vessels under the Boiler Code Specifications of the Amer- 
ican Society of Mechanical Engineers because one of the impor- 
tant characteristics of these two steels is that their satisfactory 
low-temperature impact resistance is not affected by welding. At 
temperatures below —150° F. neither is considered satisfactory, 
and non-ferrous alloys or the 18-8 austenitic steel (Fig. 125, steel 
A)y which is tough even at —300° F., should be used. 



QUESTIONS 

Chapter i 

1. Describe the relation of metallurgy to chemistry, to physics, and to 
engineering. 

2. Metallurgy is an art and a science. The art is old and the science is 
young. Why? 

3. How do the concepts of physical metallurgy of today compare with 
those of 1900? 

4. Why is a knowledge of metallurgy more necessary to the engineer 
now than it was 25 years ago? 

5. What constitutes the value of a metal or an alloy to man? 

6. When is the cost of a metal or an alloy important to the engineer? 

7. Of the 40 or more important metals and the thousands of alloys, 
which metals and which classes of alloys are the most useful in modern 
engineering? 

8. The trend line for the per capita use of metal products in the United 
vStates has flattened in recent years. Name six developments in metallurgy 
which have accompanied this change in the trend line. 

9. What classes of metal products are commonly sold by brand name? 

10. Give the advantages and disadvantages of purchasing metal products 
by their brand name. 


Chapter 2 

1. What are the principal properties of a metal? Give the reasons (a) 
why copper is classed as a metal, (b) why carbon is classed as a metalloid, 
and (c) why sulphur is classed as a non-metal. 

2. Describe crystallization and orientation. What is the relation (a) 
between crystals and grains and (b) between orientation and strength? 

3. What are the essentials of the crystalline state, and why arc they 
important to the engineer? 

4. Define space lattice and give the types important in physical metal- 
lurgy. 

5. How is a crystal of a metal or an alloy related to the space lattice? 
How many atoms are there in the two common types of cubic lattice, and 
how are they spaced? 

6. What is allotropy? What are the allotropic forms of iron, and in 
what temperature ranges arc they stable? Why is the allotropy of iron 
important to the engineer? 
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7. What is an intermetalHc compound, and why is it important in 
metallurgy? 

8. What is an alloy? Name some of the factors which add to the com- 
plexity of the constitution of metallic alloys. 

9. What is an equilibrium diagram? How is it constructed? What are 
its advantages and disadvantages to the metallurgist? 

10. What happens to a crystal when a stress is applied? What is the 
importance of plastic flow, and how does plastic flow affect the properties of 
metallic materials? 


Chapter 3 

1. What is the composition of commercial carbon steel, and why is this 
material considered as an alloy of iron and carbon? 

2. What is the composition of pig iron, and what is it used for? How 
IS it made? 

3. Give the two principal reducing reactions for the reduction of iron 
ore in the blast furnace and the approximate temperature levels at which 
they occur. What are the reducing agents, and where do they come from? 

4. How is blast-furnace slag formed, and what is its function? 

5. What is the essential difference between an acid and a basic steel - 
making process, and what are the advantages and disadvantages of each? 

6. How does the chemistry of the basic open-hearth process differ from 
the chemistry of the acid Bessemer process? Why is more than 90 per cent 
of all steel produced made by the basic open-hearth process? 

7. What approximate percentage of all the steel made in the United 
States is usually classed as high-quality steel, and by what processes are 
these materials made? 

8. Why is acid open-hearth steel used for armor plate and ordnance? 

9. What is the difference between the chemistry of the basic electric 
and the basic open-hearth process? 

10. What are the objects of (a) hot working and (b) cold working? What 
is the procedure by which these objectives are attained? 

Chapter 4 

1. How much phosphorus is usually present in carbon and alloy steels? 
What is its effect? 

2. How much sulphur and oxygen are usually present in carbon and 
alloy steels? What is the role of these two elements in forming solid non- 
metallic inclusions, and what is the effect of inclusions on the properties of 
carbon and alloy steels? 

3. What is the source of the carbon monoxide gas present in steel refin- 
ing? What is the relation between this gas and seams? 

4. Define, and give the approximate carbon content of, rimming and 
killed steels. How are rimming and killed steels made, and what are they 
used for? 
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5. Is manganese a harmful, neutral, or beneficial element in steel? Why? 
What is the usual manganese content (a) of carbon steel, (b) of intermediate- 
manganese steels? 

6. For what grades of steel is silicon used as a finnl deoxidizer? How 
much silicon is usually added as a purifier? 

7. Name ten elements, in addition to carbon, manganese, silicon, sulphur, 
and phosphorus, which may be present in carbon steel, and indicate the 
source of these elements. 

8. What is wrought iron and what is ingot iron, and how do these ma- 
terials differ from carbon steel? , 

9. Give a practical definition of alloy steel. What is the difference 
between low- and high-alloy steels? 

10. Name three classes of high-alloy steels and give the characteristic 
property of two of these classes. How is this property attained? 


Chapter 5 

1. Using the following two groups of metallurgical terms: (a) alpha iron, 
gamma iron, and carbon, (6) ferrite, cementite, and austenite, describe the 
microstructure of slowly cooled and slowly heated carbon steel at elevated 
and at room temperature. 

2. What is the microstructure of ferrite and of austenite, and what are 
the properties of ferrite, cementite, and austenite? 

3. What do the points and the lines on the iron-carbon phase diagram 
represent? Using Fig. 17, describe what happens if a 0.80 per cent carbon 
steel containing ferrite and cementite particles is heated slowly to 1350° F. 
(730® C.) and held at this temperature. What happens if the steel is then 
cooled slowly to 1300® F. (705® C.) and held at this temperature? 

4. As the carbon content increases, what happens to the microstructurc 
of slowly cooled carbon steel? What is an eutectoid carbon steel? 

5. Using Fig. 17, describe the phase changes occurring in pure iron when 
it is slowly heated to 2900° F. (1595® C.) and cooled again. What change 
takes place when pure iron is heated and cooled through 1420® F. (770® C.)? 
How does this change compare with the one taking place at 1670® F. 
( 9 »o“ C.)? 

6. Using Fig. 17, describe the phase changes occurring in steel containing 
0.50 per cent carbon when it is heated slowly to 2900® F. (1595® C.) and cooled 
again. Compare the phase changes in this steel with those in a steel 
containing 1.5 per cent carbon, similarly heated and cooled. 

7. What is the effect of increasing the speed of cooling carbon stctels upon 
(a) the transformation temperature and (6) the structure? 

8. What is the shape and size of the grains of large ingots and castings? 
How does hot working affect these grains? Why should the finishing tem- 
perature of hot working be just above the transformation temperature? 

9. What is the effect of cold working on structure and properties? 
What happens to the structure and properties when cold- worked steel is 
reheated to 800 to 1200® F. (425 to 650® C.)? 
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lo. In slowly cooled steels what alloyinj^ elements can be used to increase 
the yield ratio? What elements form carbides, and what is the general effect 
of these carbides on the properties? What alloying elements are preferred 
if deep hardening is desired? 


Chapter 6 

1. What is the effect of temperature and time on grain growth of steel 
above the transformation range? What thermal treatment is used to refine 
the grain? 

2. What is grain-growth tendency? How is it controlled? 

3. What is critical cooling rate? What is its effect on the austenite- 
pearl ite transformation and on the resulting structure of high -carbon steel? 

4. What is martensite? What is its structure? Why is it hard? 

5. Why is drastically quenched high-carbon steel unstable? What are 
the consequences of this instability, and how are they avoided? 

6. What is tempering? What is its effect upon the structure of drastically 
quenched steel? 

7. Why does tempering decrease the hardness and strength and increase 
the ductility of quenched medium- and high-carbon steel? 

8. What effect do the alloying elements have on the transformation 
temperature at which austenite changes to peaiiite? Why is this important? 

9. What is hardenability? How is it related to grain size and to the 
various alloying elements? 

10. In what class of steels is deep hardening important? Why? 


Chapter 7 

1. What are the objects of annealing? How is annealing carried on, 
and what is its effect on structure and properties? What is the difference 
between ordinary and process annealing? 

2. What are the objects of normalizing and spheroidizing? How are 
these operations carried on, and what is their effect on the structure and 
properties? Why is homogenization of heavy forgings of medium-carbon 
steel advisable? 

3. Describe the operations of quenching and tempering. What are the 
relative cooling speeds of water, oil, and air? Why is the size of the section 
important in quenching? 

4. What causes internal stresses when high-carbon steel is quenched? 
How high may such stresses be, and what are the usual consequences? How 
may these consequences be avoided? 

5. What is interrupted quenching? What aie its advantages and dis- 
advantages? 

6. Describe patenting. What is it used for? Why? 

7. What are the industrial processes included under the term surface 
hardening, and what is the object of such treatment? 

8. Describe pack and gas carburizing and trivo the approximate carbon 
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content and the depth of case in commercial carburizing. Why is heat treat- 
ment necessary after carburizing? What is the effect of grain size on the 
carburized case? 

9. What is nitiidiiig? How is it done? Give (our advantages and two 
disadvantages of nitriding. Why is nitriding not used more widely? 

10. Describe flame and induction hardening. What are the advantages and 
disadvantages of each method? 


Chapter 8 

1. Name three classes of properties of metallic materials. Which class is 
most important to engineers interested in structures and machines? 

2. Name the static tests that are standardized and the ones that are not 
standardized. How accurate is the tensile test, and upon what factors does the 
accuracy depend? 

3. Define elastic limit and proportional limit, and give the relation be- 
tween the two. Define modulus of elasticity. Can proportional limit and 
modulus of elasticity be determined on all metallic materials? Give the reason 
for your answer with examples. 

4. What is the yield point? What is its importance to engineers? Com- 
pare yield point and yield strength. What are the advantages of the latter 
value? How does speed of testing affect the yield point? 

5. What is the relation of elongation to gage length? What is the relation 
ot reduction of area to size of the specimen? What is the relation of elonga- 
tion and reduction of area to ductility? 

6. What is hardness? What properties are components of hardness? What 
precautions are necessary in the accurate determination of hardness? 

7. Describe the three most important methods of determining hardness, 
and give the advantages and disadvantages of each. 

8. How accurate is the relation among hardness tests, and between hardness 
and tensile strength? 

9. What is the value of shear tests? What properties can be determined by 
shear tests? What is the relation between torsional strength and tensile 
strength? 

10. With what ferrous material is the compressive test most commonly used? 
Why? What is the value of the bend test (a) for ductile materials and (b) for 
brittle materials? 


Chapter 9 

1. What is notch sensitivity, and how is it manifested? What is technical 
cohesive strength? 

2. What are the advantages and disadvantages of the notched-bar single- 
blow impact test? How is it used by the metallurgist, and in industry? 

3. What is the mechanism of a fatigue failure? Explain the characteristic 
appearance of the fracture. 

4. What is the endurance limit of a metallic material? How* is it deter- 
mined? How long is the test run (a) for steel and (b) for aluminum alloys? 
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5. What is the relation between (a) endurance limit and tensile strength 
and (6) endurance limit and Brinell hardness? What is the approximate en- 
durance limit of a steel with (a) a tensile strength of i45,(kx) lb. per sq. in. 
and {h) a tensile strength of 275,000 lb. per sq. in.? 

t). What is the elfect of surface condition on the endurance limit? What 
is the relation between a notch and the endurance limit in (a) high-strength 
steels, (6) low-strength steels, and (c) gray cast iron? 

7. What is corrosion-fatigue limit, and what is its relation to cnduiance 
limit? How can resistance to corrosion fatigue be increased? 

8. If a steel that has an endurance limit of 50,000 lb. per sq. in. is stressed 
for a few million cycles at 40,000 lb. per sq. in., what is likely to happen? If 
it is stressed at 60,000 lb. per S(j. in., what is likely to happen? 

9. In selecting a steel ior service where repeated stress over a long period 
of time is important, what factors should be considered? 

10. What is damping capacity and what is damping ratio? What is the 
relation of damping to other properties? Why is damping capacity important 
10 engineers? 


Chapter 10 

1. What is meant by machinability? What are the three metallurgical 
factors involved in easy machinability? Why are they important? What are 
the important mechanical factors? 

2. How can machinability be evaluated? What is the relation between 
machinability of steel and its tensile strength or hardness? 

3. What are the methods for improving the machinability of ferrous 
materials? What is the function of sulphur and lead in sleel in relation to 
machinability? 

4. Arrange the following in the order of their machinability: annealed 
copper, carbon steel, magnesium alloys. Monel, gray cast iron, free-machining 
steel, low-carbon high-chromium steel. 

5. Why is wear resistance of metallic materials important to engineers? 
What are the principal types of wear? 

6. What factors are involved in wear resistance? What kind of wear 
occurs in most machinery? 

7. What is the relation between wear and other properties of metallk 
materials? What types of ferrous alloys are used for resistance to (a) metal - 
to-metal wear and (b) abrasive wear? 

8. How is wear resistance evaluated? What are the chief limitations of 
wear tests? 

9. Why is deep drawing an important industrial operation? What ferrous 
materials are most frequently used for deep drawing? 

10. How is steel evaluated for deep drawing? What other properties give a 
clue to deep-drawing properties? 
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Chapter ii 

1. What are steel castings used for? Why? How is the steel for castings 
usually melted? What are the average minimum tensile properties of un- 
treated or annealed steel castings, and what is the effert of carbon on these 
properties? What is the advantage of heat treatment? 

2. Name three classes of hot-rolled carbon steels and give the principal 
industrial uses of each. Which is the most important from the standpoint of 
tonnage? 

3. What are the principal variables affecting the properties of hot- 
worked carbon steels? Compare the longitudinal tensile properties of a 
rolled steel containing 0.70 per cent carbon with those of one containing 
0.30 per cent carbon. What is the effect of manganese and phosphorus on 
tensile properties? 

4. What is the effect of carbon on notched-bar impact resistance, on 
endurance limit, and on modulus of elasticity? 

5. Why are steels cold worked? What properties are usually determined 
on cold-worked bars, wire, sheet, and strip? 

6. What is the general effect of cold working on tensile strength and on 
elongation? If a hot-rolled rod containing 0.25 per cent carbon has a tensile 
strength of 70,000 lb. per sq. in. and an elongation of 23 per cent in 10 in., 
^s'hat strength and elongation mky be expected in drafting to wire with a 
reduction of (a) 40 per cent and (b) 65 per cent? What is the effect of 
carbon content on the increase in tensile strength and the decrease in 
elongation by drafting? 

7. Give typical tensile properties of low-carbon steel strip cold rolled 
50 per cent, of small music wire, and of suspension-bridge wire. For the 
same amount of reduction by drafting which is the strongest and the most 
ductile: low-carbon Bessemer steel or basic open-hearth steel? 

8. What is the effect of cold working on endurance limit and on impact 
resistance? What is the usual endurance ratio of hard-drawn wire? 

g. What classes of carbon steel are heat treated? Why? What is the 
general effect of annealing and normalizing on the properties? What is the 
general effect of tempering on the properties of quenched medium-carbon 
steels? 

10. If a small specimen of hot-rolled carbon steel containing 0.45 per cent 
carbon has a tensile strength of 93,000 lb. per sq. in., a yield strength of 
54,000 lb. per sq. in., an elongation of 20 per cent in 2 in., and a reduction 
of area of 35 per cent, what treatment can be used to increase these values 
to 103,000, 70,000, 25, and 60 respectively? With these latter tensile proper- 
ties for a heat-treated small section, what would be the corresponding 
properties at the center of a 4-in. bar? 

Chapter 12 

I. In what form is the carbon in cast iron? What is the relation be- 
tween the form of the carbon and (a) the appearance of the fracture and 
(b) the properties? 
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8. Name the properties whiph make gray cast iron suitable for some 
engineering applications and unsuitable for others. 

3. How is gray cast iron melted? What raw materials are used? How 
much carbon, silicon, and phosphorus are usually present? 

4. What are the primary metallographic constituents in gray cast iron? 
vVhat is the role of carbon in the constitution of cast iron, and how is it 
influenced by silicon? What constituent is formed by phosphorus, and 
what is its effect? 

5. What is the general relation among chemical composition, amount 
and distribution of the metallographic constituents, and the properties of 
gray cast iron? If a small specimen of cast iron poured into a sand mold 
contains 3.25 per cent total carbon, what will be the structure of the matrix 
if the silicon is (a) 1.25 per cent, (b) 2.00 per cent, and (c) 2.75 per cent?. For 
similar specimens, what percentages of total carbon and silicon will result 
in an iron with a tensile strength of about 38,000 lb. per sq. in.? 

6. What is the effect of cooling rate on the structure of gray cast iron? 
What is the effect of the size of the giaphite flakes on the properties? What 
methods are used to produce high-strength cast iron? Why is gray cast iron 
heat treated? 

7. What tests are used to evaluate gray cast iron for engineering applica- 
tions? Which is the best of these tests, and how is it made? What is the 
approximate secant modulus of gray cast iron, and how is it determined? 

8. What are the approximate minimum and maximum tensile-strength 
values of American gray cast iron? What are the approximate minimum 
and maximum values for (a) compressive strength, {b) modulus of rupture, 
(c) endurance limit and endurance ratio? As compared with carbon steel, 
what arc the notched-bar impact resistance and the damping capacity? 

9. What are the principal advantages in the use of alloying elements in 
gray cast iron, and how much is usually used? What are the general effects 
of (a) nickel, (b) chromium, and (c) molybdenum? 

10. What is malleable cast iron, how is it made, and what is it used for? 
What are the approximate tensile strength and elongation of malleable 
cast iron, and what is the relation l)etween the two? How do endurance 
ratio, impact resistance, and machinability compare with gray cast iron? 

Chapter 15 

1, What is balanced composition in low-alloy steels, and what are its 
advantages? 

s. What are the general effects of the alloying elements in the low-alloy 
steels? Ignoring carbon, what elements are (a) the most potent and (6) 
the least potent in strengthening the ferrite? 

3. Compare the effects of phosphorus, manganese, and silicon on (a) 
structure and (b) properties of carbon steel. 

4* Compare the effects of nickel and chromium on (a) structure and (b) 
properties of carbon stceL 

5, Using data given in Figs. 58 and 74, compare the approximate tensile 
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properties of a rolled steel containing 0.20 per cent carbon and (a) no alloy- 
ing element, (b) 2.0 per cent nickel, and (c) 1.0 per cent chromium. What 
effect have the nickel and the chromium on tensile strength, yield strength, 
elongation, and reduction of area? 

6. Compare the effects of molybdenum, vanadium, and copper on (a) 
structure and (b) properties of carbon steels. 

7. What are the low-alloy structural steels? How do the properties and 
the cost of these steels compare with those of carbon steels? Why is the 
carbon usually low? 

8. What is the significance of the S.A.E. classification of low-alloy steels? 
What is the carbon and the alloy range in (a) 3135, (b) 4615, (c) 2330, and (d) 
6150. Why is a knowledge of the S.A.E. series numbers important to 
engineers? 

9. What are the principal uses of the S.A.E. steels, and by what industries 
are they largely used? What is the advantage of these steels compared with 
carbon steels of the same tensile strength and hardness? 

10. What factors should be considered in selecting one of the S.A.E. alloy 
steels for a specific engineering application? 

Chapter 14 

1. Name three classes of high-chromium steels. Give the approximate 
composition of six common high-chromium steels and the class to which 
they belong. 

2. What is the effect of chromium on the phase changes of high -purity 
iron? What phase change occurs if a binary alloy of 10 per cent chromium 
and 90 per cent iron is heated slowly to 2550® F. (1400® C.) and cooled 
again? Give the corresponding changes in an alloy of 15 per cent chromium 
and 85 per cent iron, 

3. What is the structure of a water- or oil -quenched steel containing (n) 
0.06 per cent carbon and 18 per cent chromium, (h) 0.30 per cent carbon and 
14 per cent chromium, and (c) 0.85 per cent carbon and 16 per cent 
chromium? 

4. What is the relation between the tensile properties and the carbon 
content of heat-treated 14 to 18 per cent chromium steels? Give two 
peculiarities in tempering quenched cutlery steels and the effect of these on 
tensile strength and impact resistance? 

5. What is the relation between the chromium content and the corrosion 
(and oxidation) resistance of chromium steels? What is the effect of carbides 
on corrosion resistance? To what corrosive media are the 12 to 18 per cent 
chromium steels especially resistant? Why? 

6. What is the effect of nickel on phase changes in iron? What is the 
effect of adding chromium on the phase changes of iron containing 15 per 
cent or less nickel in solution? Why are the alloys containing 18 per cent 
chromium and 8 per cent nickel usually austenitic at room temperature? 

7. Why does carbide precipitation occur in 18-^, and what effea do« 
this have on corrosion resistance? How is carbide precipitation counter- 
acted? 



QUESTIONS 


401 


8. Wh^it are the characteristic tensile properties of 18-8? How do corro 
sion and oxidation resistance compare with those of high-chromium steels? 

9. Give some important characteristics and uses of alloys of iron with 
{a) 35 to 60 per cent nickel, (6) 32 per cent nickel, 5 per cent chromium, 
and 2 per cent tungsten, (c) 78.5 per cent nickel, (d) 50 per cent nickel, and 
(c) 17 to 28 per cent nickel. 5 to 12 per cent cobalt, and 10 to 12 per cent 
aluminum. 

10. What is the structure of a steel containing 1.3 per cent c.arbon and 
13 per cent manganese (a) as slowly cooled and (h) as heated' to 2000® F. 
(1095° C.) and quenched in water? What are its properties, and what is it 
used for? 


ChAPI’ER 15 

1. How are tool steels usually classified? How many types are there? 
Give eight essential characteristics which tool steel should have and indicate 
the three most important ones. How important is the cost of the steel from 
which a tool is made? 

2. How are tool steels usually purchased? Why? 

3. Give the chief characteristics of high-carbon tool steel. What is the 
carbon content of the steel that is generally used for files, hammers, brass- 
working tools, razors, battering tools, wire-drawing dies, rivet sets, taps, 
drills, and cutlery? 

4. What is the relation between grain-growth tendency and deep hard- 
ening of high-carbon tool steels? 

5. What are the composition and characteristics of the oil-hardening 
“non-deforming” tool steels? What are they used for? 

6. What is the function of tungsten, molybdenum, and chromium in tool 
steel? What effect do these elements have on the hardness after tempering? 

7. Give the characteristics and uses of the low-chromium, the low- 
tungsten, the high-chromium, and the high-tungsten tool and die steels. 
Describe the characteristic structure of the high-chromium die steels. Why 
are these materials valuable for dies? 

8. What is the approximate composition of the four general types of 
high-tungsten high-speed steels? How is high-speed steel heat treated? 

9. What is the most valuable property of high-speed steel, and what is 
the usual explanation for this property? What variables affect the cutting 
performance of high-speed steel? 

10. Give the approximate composition of molybdenum high-speed steel. 
What are the advantages and disadvantages of this material? 

Chapter 16 

1. Define precipitation hardening. How common is it in non*ferrous 
alloy systems? Upon what two variables does precipitation hardening 
depend? 

2. Give the salient features of the mechanism of precipitation hardening. 



402 


MODERN METALLURGY FOR ENGINEERS 


How does precipitation hardening differ from the hardening that occurs 
when high-carbon steel is quenched? 

3. Describe the solution heat treatment and aging of aluminum-rich 
aluminum -copper afloys. What is the effect of this treatment on the proper- 
ties of sand-cast material? What precautions are necessary in the heat 
treatment of duralumin-type alloys? 

4. What common complex aluminum-rich aluminum-copper alloys are 
usually subjected to a solution iieat treatment and aging? What are some of 
these alloys used for? 

5. What is the hardening constituent in aluminum-rich aluminum-mag- 
nesium and aluminum-magnesium-silicon alloys? Give the principal char- 
acteristics of this class of light alloys and some of the important uses. 

6. Name four classes of binary copper-rich alloys which cannot be heat 
treated. What is the chief characteristic of these alloys? 

7. Name two classes of copper-rich alloys in which hardening by pre- 
cipitation is possible. Describe the similarities in the copper-beryllium, the 
silver-rich end of the silver -copper, and the aluminum-rich end of the 
aluminum-copper diagram. How does the addition of small amounts of 
nickel affect the phase relationships in the copper-rich copper-tin alloys? 

8. Name four industrial fields in which precipitation-hardened non- 
ferrous alloys are or may be effectively used. 

9. In what binary iron-rich alloy is precipitation hardening possible? 
Distinguish between quench and strain aging in low-carbon steels. What is 
the effect of strain aging on the properties? 

10. Name some other examples of ferrous alloys in which age hardening 
occurs or in which it may be induced. 

Chapter 17 

1. Describe the production of aluminum from its oxide. Why is it im- 
practicable to reduce the oxide by carbon or to electrolyze an aqueous 
solution of an aluminum salt? How are aluminum alloys produced? 

2. Name the tempers for the non-aging aluminum alloys. How do the 
tensile properties vary with the temper? By what methods are aluminum 
alloys worked? Name ten commercial wrought products. 

3. How are the wrought alloys fabricated into finished structures? What 
precautions should be used in fabricating the heat-treated alloys? How does 
the machinability of aluminum alloys compare with that of steel? 

4. What is the specific gravity of aluminum alloys? Give the usual range 
of tensile properties and endurance limits of the heat-treated wrought adloys. 
How do these compare with the properties of annealed alloys? 

5. What is the general corrosion resistance of the wrought alloys? What is 
the effect of composition? What is Alclad, and what are its properties? 

6. Compare the advantages and disadvantages of sand-cast and permanent- 
mold aluminum-alloy castings. Describe five classes of castings and give the 
general charaaeristics and uses of each class. 

7. What is the range of tensile properties of aluminum alloys (a) as cait 
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in sand molds and (6) as cast in sand molds and heat treated? Compare the 
endurance limit and modulus of elasticity of cast aluminum alloys with the 
corresponding values for carbon steel. 

8. What are aluminum*aIloy permanent -mold and die castings used for? 
What are the usual tensile properties of these materials? 

9. How is magnesium meul produced? Compare (a) weight, (b) tensile 
strength, (c) endurance limit, and (d) corrosion resistance of magnesium alloys 
with aluminum alloys, both as cast and as wrought. 

10. Why is strength-weight ratio important? Rate the following on the 
basis of specific tensile strength, specific yield strength, and specific endurance 
limit: (a) cast carbon steel, cast and heat-treated aluMinum copper alloy, and 
cast and heat-treated magnesium-aluminum alloy; and (b) wrought duralumin, 
chromium-molybdenum steel heat treated to 190.000 lb. per sq. in. tensile 
strength, and extruded magnesium-aluminum alloy. 

Chapter 18 

1. What is blister copper? Why is it electrolyzed? What is tough -pitch 
copper, and how is it made? What is oxygen-free copper, and how is it 
made? 

2. What properties of high-purity copper are most valuable to man? 
What methods are used to improve the strength? 

3. Give some examples of confused nomenclature for copper-rich alloys. 
What is the structure of the common brasses? What is high brass, what are 
its characteristics, and what is it used for? What are the names of the alpha - 
beta brasses, and what are their characteristics? 

4. What are the low brasses, what are their characteristics and their uses? 
What is nickel silver, what are its characteristics, and what is it used for? 

5. How are variations in the properties of copper-zinc alloys usually 
obtained? As annealed brass is not usually superior to low-carbon steel in 
properties, and costs five to ten times as much, why is it so widely used? 
Compare the endurance ratio and modulus of elasticity of brass and low- 
carbon steel. 

6. What are the composition, structure, and characteristics of the copper- 
tin bronzes? Why are these alloys used for springs, and what is their tensile 
strength in spring temper? What is gun metal, and what is it used for? 

7. Give some typical compositions of aluminum bronze and of copper- 
silicon bronze. What are the principal characteristics of these alloys, and 
what are they used for? 

8. What is the composition of the commercial copper-beryllium alloys? 
Give typical tensile properties and hardness before and after precipitation 
hardening? What are the copper-beryllium alloys used for. and what is 
their principal disadvantage? What is their endurance limit and modulus 
of elasticity? 

9. What is the eflfect of nickel on the structure, tensile properties, and 
endurance limit of copper? What important electric properties do some 
of the copper-nickel alloys have? 
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10. Of the following alloys: nickel silver, tin bronze, cupro-nickel, high 
brass, copper -silicon bronze, admiralty metal, aluminum bronze, low brass, 
and manganese bronze, which would be selected for applications where salt- 
water corrosion is important? 

Chapter 19 

1. What are the major requirements for a good bearing metal? 

2. What are the principal metals in the tin-base bearing alloys? Name 
some important characteristics and uses for this class of bearing metals. 
What is the effect of lead on these alloys? 

3. What is the approximate composition of the lead-base bearing metals? 
Name some important characteristics and uses for this class. How do these 
alloys compare with the tin-base alloys in cost and properties? 

4. What are the principal metals in the copper-base bearing alloys? 
Name some of their principal characteristics and uses. What are the high- 
lead copper-base alloys used for? How do these compare as bearings with 
the white metals? 

5. What are the characteristics of the bearing metals containing 98 to 
99 per cent lead or cadmium? Describe oil-less bearings. 

6. Why are lead, tin, and zinc important engineering materials? What 
arc the principal uses for these metals? 

7. How are zinc-base die castings made? What are they used for? Why? 
What is the approximate composition of the principal zinc-base die-casting 
alloys, and what are the properties as cast and after long aging? 

8. Give approximate compositions of commercially pure nickel, of three 
varieties of Monel, and of three important alloys containing nickel and 
chromium. Describe the characteristics and uses of these materials. What 
are their outstanding properties? 

9. How are metal powders prepared? What are the advantages of powder 
metallurgy? 

10. Name the principal sintered carbides used for tools. How are these 
made, and what are the properties of tools made from these materials? What 
are such tools used for? 


Chapter 20 

1. What is chemical affinity and how is it related to the electrochemical 
series of the elements? What is the significance of a metal’s position in the 
electrochemical series? Define passivity. What is its relation to the electro- 
chemical series? 

2. What is the economic significance of the corrosion of iron? Hdw is this 
corrosion slowed down? What variables affect the corrosion of iron? Define 
uniform and pitting corrosion. What causes the latter? Why is the environ- 
ment so important in the corrosion of iron? 

3. How is corrosion resistance evaluated in the case of (a) chemicals and 
(b) atmosphere? What is the effect of temperature on corrosion? How is 
corrosion measured? 

4. Ck>mpare normal-temperature corrosion and high-temperature oxida* 
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tion. What is the mechanism of oxidation, and what is the result? How is it 
prevented? 

5. What is the relative corrosion of high-purity or commercially pure iron, 
carbon steels, and unalloyed cast iron, in soils, acids, alkalis, and neutral 
solutions? What variables affect the corrosion of these materials in the 
atmosphere? Describe boiler corrosion. 

6. What Idw-alloy steels have higher resistance to atmospheric corrosion 
than carbon steels? Why? 

7. Of the five common metallic coatings used to protect steel against corro- 
sion, which is most widely used? Why? What are the advantages and dis' 
advantages of coating steel with tin, nickel, and chromium? 

8. What high-alloy steels and cast irons are used for corrosion and oxida- 
tion resistance? Why? 

9. What is the general corrosion resistance of (a) the nickel -base alloys and 
(b) the copper-base alloys? 

10. What is the general corrosion resistance of the light metals and alloys? 

Chapter 21 

1. What is creep, and why is it important to engineers? What are the 
principal requirements for a metallic material to be used satisfactorily in 
equipment exposed to high temperatures? 

2. How is creep determined? What are the most important variables in 
creep testing? How much time is necessary for a creep test? 

3. How is the creep stress, which produces no more than the maximum 
distortion of the material over the expected life, determined? How accurate 
is such a procedure? What is the relation of creep to other mechanical 
properties? 

4. Describe what happens during the three stages of creep. What is the 
effect of strain hardening and recrystallization on second-stage creep? 

5. What is the effect on creep of (a) grain size, {b) deoxidation, (c) pre- 
cipitation hardening, and (d) condition of the iron carbide? 

6. What low-alloy steel has relatively high creep resistance? 

7. What is the relative creep strength (at constant temperature) of carbon, 
plain molybdenum, chromium-molybdenum, plain high-chromium, and 
austenitic chromium-nickel steel? 

8 . Compare the suitability of carbon steel, brass, admiralty metal, bronze, 
and Monel for use at 600 to 800® F. (315 to 425® C.). 

9. What is the general effect of elevated temperature on the tensile 
strength, yield strength, elongation, reduction of area, and endurance limit 
of metallic materials? If a steel has a tensile strength of 120,000 lb. per sq. in. 
at room temperature, what will be the approximate strength at 1200® F. 
(650® C.) and at 1400® F. (760® C.)? 

10. Why is it important to know the effect of low temperatures on the 
properties of metallic materials? What is the usual effect of these tempera- 
tures on tensile and impact properties? What is primarily responsible for 
low-temperature brittleness in carbon steels, and what alloys reduce this 
brittleness? 
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16. American Society for Testing Materials and American Foundrymen's 
Association, Symposium on Cast Iron, The Societies, Philadelphia and 
Chicago. 1933. 

Structure and properties. 

17. American Society for Testing Materials, Symposium on High-strength 
Constructional Materials, The Society, Philadelphia, 1936. 

Papers on the properties of carbon, low-alloy, and corrosion -resisting 
steels, copper-base, nickel-base, and light alloys. 

18. American Society for Testing Materials, Symposium on Corrosion Testing 
Procedures, The Society, Philadelphia, 1937. 

Authoritative discussion of the present status of corrosion testing. 

19. American Society for Testing Materials, Symposium on the Wear of 
Metals, The Society, Philadelphia, 1937. 

Wear testing and its significance. 

20. American Society for Testing Materials, "Symposium on Impact Testing," 
Proceedings, v. 38, 1938, II, pp. 21-156. 

Nine papers on the theory and significance of impact testing. 

21. American Society for Testing Materials and American Society of Me- 
chanical Engineers, Compilation of Available High-temperature Creep 
Characteristics of Metals and Alloys, The Societies, Philadelphia and 
New York, 1938. 

Reliable creep data on carbon and alloy steels. 
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22. Bain, E. C., Functions of the Alloying Elements in Steel, American 
Society for Metals, Cleveland, 1939. 

Elementary physical metallurgy with a chapter on carbon steels and 
three chapters on the effect of the common alloying elements on 
structure, response to heat treatment, and properties. 

23. Batson, R. G., and Hyde, J. H., Mechanical Testing, Vol. I— Testing of 
Materials of Construction, E. P. Dutton Sc Company, Inc., New York, 
1951, 2nd ed. 

Theory and practice of testing. Includes static and dynamic tests, 
and elevated-temperature tests. 

24. Bethlehem Steel Company, Bethlehem Alloy Steels, The Company. 
Bethlehem, Pa. (Catalog loy), 1935. 

Up-to-date handbook, containing property charts of carbon and alloy 
steels, grain-size charts, and 150 pages of useful tables. 

25. Bolton, J. W., Gray Cast Iron, Penton Publishing Co., Cleveland, 1937. 

Authoritative discussion of raw materials, manufacture, composition, 
constitution, structure, and properties of gray cast iron. 

26. Boyd, J. E., Strength of Materials, McGraw-Hill Book Company, Inc., 
New York, 1935, 4th ed. 

A standard work. Chapter 1 on stresses and Chapter 3 on stresses 
beyond the clastic limit are important. 

27. Boylston, H. M., An Introduction to the Metallurgy of Iron and Steel, 
John Wiley & Sons, Inc., New York, 1936, 2nd ed. 

Clearly written text on the manufacture of steel and cast iron. 

28. Broughton, W. W., “Zinc-alloy Die Castings, An Industrial Achieve 
ment,'’ Metal Progress, April 1938, pp. 381-386. 

Production, properties, and uses of modern zinc-base die castings. 

29. Budgen, N. F., The Heat Treatment and Annealing of Aluminum and 
Its Alloys, Sherwood Press, Cleveland, 1933. 

Principles and practice of heat treatment of wrought and cast alloys 
written from the British viewpoint. Bibliography of 300 references. 

30. Bullens, D. K„ and Battelle Memorial Institute, Steel and Its Heat 
Treatment, Vol. i-— Principles, Processes, and Control, Vol. 2— £7igm^cr- 
ing and Special-purpose Steels, John Wiley 8; Sons, Inc., New York, 1938, 
J939» ed. 

For the metallurgist and engineer inteiestcd in the heat treatment 
and properties of carbon and alloy steels this is the most important 
single work in existence. Bibliography follows each chapter 

31. Camp, J. M., and Francis, C. B., The Making, Shaping, and Treating of 
Steel, Carnegie-Illinois Steel Corp., Pittsburgh, 1940, 5th ed. 

Written for non-metallurgical employees of the United States Steel 
Corporation. Most comprehensive book available on manufacture 
and processing of iron and steel. 

32. Carnegie-Illinois Steel Corporation, U,SS. Carilloy Steels, The Com- 
pany, Pittsburgh, 1958. 

Up-to-date handbook on special carbon and low-alloy steels. It 
contains an elementary but adequate discussion of hardenability, 
grain size, and austenite decomposition and of their relation to the 
properties. 
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33. Carpenter, H, C. H., and Robertson, J. M., Metals, Oxford University 
Press, London and New York, 1939* 2 vol. 

A i5oo-page British encyclopedia of available knowledge on ferrous 
and non-ferrous metallurgy. Contains data on manufacture, treat- 
ment, constitution, and properties of high-purity metals and the most 
important alloys. Bibliography of 650 references. 

34. Cleaves, H. E., and Thompson, J. G., The Metal— Iron, McGraw-Hill 
Book Company, Inc., New York, 1935. 

Alloys of Iron Monograph. A summary of available data on manu- 
facture and properties of high-purity iron. The chapter on corrosion 
is important to the engineer. Bibliography of 1100 references. 

35. Climax Molybdenum Company, Molybdenum in Steel (13 sections). 
Molybdenum in Cast Iron (5 sections). The Company, New York, 1939. 

Loose-leaf handbooks on the properties, treatment, and uses of 
molybdenum-alloy steels and cast irons. 

36. Davenport, E. S., and Bain, E. C-, “Transformation of Austenite at 
Constant Subcritical Temperatures," Trans. Am. Inst. Min. Met. Eng., 
v. 90, 1930, pp. 117-154. 

The first paper to give quantitative data on interrupted quenching 
and on the rate of the decomposition of austenite. 

37. Davenport, E. S., “Isothermal Transformations in Steel," Trans. Am. 
Soc. Metals, v. 27, 1939, pp. 837-886. 

The effect of carbon and six alloying elements on the rate of de- 
composition of austenite. The bibliography contains all important 
references to this subject. 

38. Desch, C. H., Metallography, Longmans Green & Co., London and New 
York, 1937. 

Fourth edition of this standard British work for students of physical 
metallurgy. 

39. Doan, G. E., Principles of Physical Metallurgy, McGraw-Hill Book Com- 
pany, Inc., New York, 1935. 

Fairly elementary treatise written from the approach of classical 
physics and chemistry. 

40. Edwards, J. D., Frary, F. C., and Jeffries, Zay, The Aluminum Industry, 
McGraw-Hill Book Company, Inc., New York, 1930, 2 vol. 

Ores and reduction processes; and the manufacture, fabrication, 
properties, and uses of aluminum and its alloys. 

41. Epstein, S., The Alloys of Iron and Carbon, Vol. Constitution, 
McGraw-Hill Book Company, Inc., New York, 1936. 

Alloys of Iron Monograph. Review and summary of available data 
on the constitution, structure, and heat treatment of unalloyed steels 
and cast irons. Bibliography of 675 references. See item 89. 

4a. Evans, U. R., Metallic Corrosion, Passivity and Protection, Arnold, 
London, 1938. 

Revised and enlarged edition of this comprehensive work by one of 
the outstanding British authorities on corrosion. 

43. Foster, P. F„ The Mechanical Testing of Metals and Alloys, Pitman Pub- 
lishing Corp., New York. 1936. 
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Theory and practice of tension, torsion, hardness, notched-bar impact, 
and endurance testing. 

44. Fuss, V. (Translated by R. J. Anderson), Metallography of Aluminum 
and Its Alloys, Sherwood Press, Cleveland, 1936. 

Constitution and structure of aluminum-rich alloys. Composition, 
properties, and trade names of modem alloys. Bibliography of 785 
references. 

45. Gill, J. P., Tool Steels, American Society for Metals, Cleveland, 1934. 

Five lectures on manufacture, properties, and testing, by an authority. 

46. Gillett, H. W., “Some Things We Don’t Know about the Creep of 
Metals,” and D. Hanson, “The Creep of Metals,” Trans, Am. Inst. Min. 
Met, Eng., v. 133 and 135, 1939, pp. 15-58. 

Two important recent discussions of creep testing and of the factors 
that enter importantly into the creep of metals. 

47. Gough, H. J., The Fatigue of Metals, Scott Greenwood, London, 1924. 

Standard British work. 

48. Gregg, J. L., The Alloys of Iron and Molybdenum, McGraw-Hill Book 
Company, Inc., New York, 1932. 

Alloys of Iron Monograph. Summary of available data on molyb- 
denura-alloy steels and cast irons. Bibliography of 515 references. 

49. Gregg, J. L., The Alloys of Iron and Tungsten, McGraw-Hill Book 
Company, Inc., New York, 1934. 

Alloys of Iron Monograph. Summary of available data on tungsten 
steels, including high-speed tool steel. Bibliography of 560 references. 

50. Gregg, J. L., and DanilofF, B. N., The Alloys of Iron and Copper, 
McGraw-Hill Book Company, Inc., New York, 1934. 

Alloys of Iron Monograph. Summary of available data on copper 
as an alloying element in steel, including the corrosion resistance of 
the low-copper steels. Bibliography of 400 references. 

51. Greiner, E. S., Marsh, J. S., and Stoughton, B., The Alloys of Iron and 
Silicon, McGraw-Hill Book Company, Inc., New York, 1933. 

Alloys of Iron Monograph. Summary of available data on steels 
containing silicon as an alloying element. Bibliography of 475 
references. 

52. Grossmann, M. A., and Bain, E. C., High-speed Steel, John Wiley & 
Sons, Inc., New York, 1931. 

Manufacture, structure, heat treatment, and properties. 

53. Grossmann, M. A., Principles of Heat Treatment, American Society for 
Metals, Cleveland, 1955. 

Five educational lectures on heat treatment. 

54. Hadheld, R. A., Metallurgy and Its Influence on Modern Progress, 
Chapman and Hall, London, 1925. 

Lectures on the history of iron and of alloy steels and on metallurgi- 
cal education and research. 

55. Hatfield, W. H,, Cast Iron in the Light of Recent Research, Griffin and 
Co., London, 1928, 3rd ed. 

Constitution, composition, heat treatment, and properties, especially 
of British cast iron. 
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56. Haughton, J. L., and Prytherch. W. E., Magnesium and Its Alloys, His 
Majesty’s Stationery Office, London, 1937. 

British text on manufacture, constitution, and properties of mag- 
nesium and magnesium-base alloys. 

57. Herty, C. H., Jr., “The Deoxidation of Steel," Cooperative Bulletin 6 p, 
Carnegie Institute of Technology and Metallurgical Advisory Board, 
Pittsburgh, 1934. 

An important paper summarizing eight years of work by Herty and 
his associates on the physical chemistry of steel making, including 
deoxidation by manganese and silicon, the formation of inclusions, 
and their effect on quality. 

58. Heyer, R. H., Engineermg Physical Metallurgy, D. Van Nostrand Com- 
pany, Inc., New York, 1939. 

Written “to aid those making their first acquaintance with engineer- 
ing metals and alloys." Comprehensive but not easy reading. Ex- 
cellent bibliography. 

59. Heyn, E. (Translated by M. A. Grossmann), Physical Metallurgy, John 
Wiley & Sons, Inc,, New York, 1925. 

Advanced text. Thorough and comprehensive, but somewhat out 
of-date. 

60. Hoyt, S. L., “The Scientific Method in Metallurgy," Trans. Am. Soc. 
Metals, v. 28, 1940, pp. 757*796. 

The evolution, present status, and probable future of metallurgical 
science. A fine broad discussion. 

61. Hudson, J. C., The Corrosion of Iron and Steel, D. Van Nostrand Com- 
pany, Inc., New York, 1940. 

An excellent summary, including all important research data, of the 
work of the Corrosion Committee of the (British) Iron and Steel 
Institute and published originally (1931 to 1938) as five special reports. 

62. Hurae-Rothery, W., The Metallic State, Clarendon Press, Oxford, 1931. 

Advanced physical metallurgy based on modern physics. Metals, solid 
solutions, and intermetallic compounds from the standpoint of electron 
theory. 

63. International Nickel Company, Nickel Alloy Steels, The Company, New 
York, i934'i939* 

Loose-leaf handbook of 7 sections, on manufacture, processing, prop- 
erties, and uses of plain and complex nickel steels and high-nickel 
alloys. 

64. Jeffries, Z., and Archer, R. S., The Science of Metals, McGraw-Hill Book 
Company, Inc., New York, 1924. 

Elementary text on structure and properties of metals, metallic com- 
pounds, solid solutions, alloys, and aggregates. 

65. Jeffries, Z„ “Future Trends in Metals," Metal Progress, Jan. 1935, 
pp, 17-21, 

All the industrially important metals. 

66. Johnson, J, B., Materials of Construction, Rewritten by M. O. Withey 
and James Aston, John Wiley & Sons, Inc., New York, 1939, 8th ed. 

A standard work, well known to all engineers, containing a discussion 
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of theory and practice of testing and of the properties of ferrous and 
non-ferrous alloys. Of the 38 chapters, 19 are on metallic materials. 

67. Jones, W. D., Principles of Powder Metallurgy, Longmans Green k Co., 
New York, 1937. 

A review of the literature on principles, practice, properties, and 
industrial applications. The only book in English on powder 
metallurgy. 

68. Judge, A. W., Engineering Materials, Vol. Ferrous, Sir Isaac Pitman & 
Sons, London, 1929, Rev. ed. 

Manufacture, heat treatment, and properties of carbon steel, alloy 
steel, and cast iron, written from the British viewpoint especially for 
those in the automotive and aircraft industries. 

69. Judge, A. W., Engineering Materials, Vol. 11 — N on-ferrous and Organic 
Materials, Sir Isaac Pitman & Sons, London, 1932. 

Nine chapters on light and heavy non-ferrous alloys; see remarks for 
item 68. 

70. Judge, A. W., Erigineering Materials, Vol. Ill— -Theory and Testing, Sir 
Isaac Pitman & Sons, London, 1930. 

British text book on principles and practice of testing. 

71. Kinzel, A. B., and Crafts, W., The Alloys of Iron and Chromium, Vol. I— 
LoW'Chrornium Alloys, McGraw-Hill Book Company, Inc., New York, 
1937- 

Alloys of Iron Monograph. A summary of available data on steels and 
cast irons containing less than 10 per cent chromium. Bibliography of 
475 references. 

72. Kinzel, A. B., and Franks, R., The Alloys of Iron and Chromium, Vol, II 
—High-chromium Alloys, McGraw-Hill Book Company, Inc., New York, 
1940- 

Alloys of Iron Monograph. A summary of available data on steels 
containing more than 10 per cent chromium, including stainless steels. 
Bibliography of 525 references. 

73. Lea, F. C., The Hardness of Metals, Griffin and Co., London, 1936. 

British text on theory and practice of hardness testing. 

74. Marsh, J. S., Principles of Phase Diagrams, McGraw-Hill Book Company, 
Inc., New York, 1935. 

Alloys of Iron (special) Monograph. Based on thermodynamics and 
consequently not elementary. A small book "for the student, the 
chemist, the metallurgist, or any other confronted with a problem of 
heterogeneous equilibrium." 

75. Marsh, J. S., The Alloys of Iron and Nickel, Vol. I— Special-purpose Alloys, 
McGraw-Hill Book Company, Inc., New York, 1938. 

Alloys of Iron Monograph. A summary of available data on high- 
nickel steels and other ferrous alloys, including some of the corrosion 
and heat-resisting materials. Bibliography of 620 references. See 
item 90. 

76. McKay, R, J., and Worthington, R., Corrosion Resistance of Metals and 
Alloys, Reinhold Publishing Corp., New York, 1936. 

Summarizes in 500 pages all that is important to know about corrosion. 
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Part I is general and theoretical; part 2 is on the corrosion behavior 
of specific metal and alloy groups. Extensive bibliography. 

77. Merica, P. D.. “Precipitation Hardening: Its Scope and Possibilities, ’ 
Metal Progress, Jan. 1935, pp. 31-35. 

The present status of the theories of precipitation hardening, attrac- 
tively presented. 

78. Metals Disintegrating Company, The Field of Powder Metallurgy, The 
Company, Elizabeth, N. J., 1939. 

Elementary booklet with a bibliography of 325 references. 

79. Monypenny, J. H. G., Stainless Irons and Steels, John Wiley & Sons, Inc., 
New York, 1931, 2nd ed. 

Standard British work. 

80. Moore, H. F., and Kommers, J. B., The Fatigue of Metals, McGraw-Hill 
Book Company, Inc., New York, 1927. 

Principles and practice of endurance testing. A standard work despite 
its age. 

81. Mott, N. F., and Jones, H., Theory of the Properties of Metals and Alloys, 
Clarendon Press, Oxford, 1936. 

For enthusiasts on quantum mechanics. K few engineers might be 
interested in the mental calisthenics. 

82. O’Neill, H., The Hardness of Metals and Its Measurement, Chapman and 
Hall, London, 1934. 

Theory and practice of hardness testing by a British authority. 

83. Palmer, F. R., Tool Steel Simplified, Carpenter Steel Company, Reading, 
Pa., 1937. 

Properties, selection, heat treatment, and testing of tool steel. 

84. Rosenhain, W., Introduction to Physical Metallurgy, Revised and partly 
rewritten by J. L. Haughton, Constable, London, 1935. 

Third edition of this well-known British text. Fairly elementary but 
in great detail. 

85. Rosenholtz, J. L., and Oesterle, J. F., Elements of Ferrous Metallurgy, 
John Wiley & Sons, Inc., New York, 1938. 

A good elementary discussion of steel manufacture. 

86. Sauveur, A., The Metallography and Heat Treatment of Steel and Cast. 
Iron, McGraw-Hill Book Company, Inc., New York, 1935, 4th ed. 

At least 10,000 American metallurgists studied this book in college. 
The standard work on elementary physical metallurgy written by the 
Dean of American metallurgists. 

87. Sherry, R. H., Steel Treating Practice, McGraw-Hill Book Company, Inc., 
New York, 1929. 

Practical text by a practical man. 

88 . Sisco, F. T., The Constitution of Steel and Cast Iron, American Society 
for Metals, Cleveland, 1930. 

A very elementary discussion of the constitution of steel and cast iron 
and the principles of heat treatment. 

89. Sisco, F. T., The Alloys of Iron and Carbon, Vol. ^'—Properties, McGraw- 
Hill Book Company, Inc., New York, 1937. 

Alloys of Iron Monograph. Summary of available data on the prop- 



SUGGESTED REFERENCES FOR FURTHER READING 


415 


erties of carbon steel and cast iron, including a discussion of the 
significance of the various tests. Bibliography of 820 references; see 
item 41. 

90. Sisco, F. T., and Marsh, J. S., The Alloys of Iron and Nickel, Vol. a— 
Steels and Cast Irons, McGraw-Hill Book Company, Inc., New York, 1941 
(in preparation). 

Alloys of Iron Monograph. Summary of available data on the struc- 
ture and properties of low-nickel steels and cast irons. Bibliography 
of about 1000 references; see item 75. 

91. Society of Automotive Engineers, S.A.E, Handbook, The Society, New 
York, 1940. 

Composition, recommended heat treatments, and expected properties 
of all the standard S.A.E. carbon and alloy steels and non-ferrous 
alloys. Pages 300 to 474 are devoted to metals. 

92. Speller. F. N., “The Corrosion Problem with Respect to Iron and Steel,” 
Trans, Am. Inst. Min. Met. Eng., v, 113, 1934, pp. i3'33. 

A broad discussion of the problem of corrosion. 

93. Speller, F. N., Corrosion— Causes and Prevention. McGraw-Hill Book 
Company, Inc., New York, 1935, 2nd ed. 

Part 1 is on general principles; part 2 is on preventive measures. There 
is an extensive selected bibliogpraphy. 

94. Stoughton, B., The Metallurgy of Iron and Steel, McGraw-Hill Book 
Company, Inc., New York, 1934, 4th ed. 

A standard work on iron and steel manufacture for students of 
metallurgy. 

95. Tapsell, H. J., Creep of Metals, Oxford University Press, London, 1931. 

The only book on creep and creep testing; now considerably out- 
of-date. 

96. Teed, P. L., Duralumin and Its Heat Treatment, Griffin, London, 1937. 

Small British text on history, constitution, heat treatment, and proper- 
ties of duralumin-type alloys. 

97. Thum, E. E. (editor). The Book of Stainless Steels, American Society for 
Metals, Cleveland, 1935, 2nd ed. 

Cooperative and comprehensive work written by 85 experts. Dis- 
cusses constitution, manufacture, properties, and uses of stainless irons 
and steels. 

98. Van Wert, L. R., An Introduction to Physical Metallurgy, McGraw-Hill 
Book Company, Inc., New York, 1936. 

Metallurgical theory for graduate engineers and undergraduate metal- 
lurgists. A difficult subject made as clear as possible. Especially 
recommended. 

99. Williams, R. S., and Homerberg, V. O., Principles of Metallography, 
McGraw-Hill Book Company, Inc., New York, 1939, 4th ed. 

This small book should be useful to engineers who want more knowl- 
edge of phase diagrams without too much thermodynamics. 
ifK). Wilson. A. H., The Theory of Metals, Cambridge University Press, 1936. 
Advanced text, based on modern electron theory. For engineers who 
may be curious to know to what lengths physics can go. 
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Acid steel, Bessemer, manufacture, 42 
chemistry, 42-44 
quality, cost and uses, 47 
electric, manufacture, 46 
quality, cost and uses, 47 
open-hearth, 46, 47 
processes, described, 38 
Aging, in alloy steel, 288 
in low-carbon steel, 285-287 
see also Precipitation hardening 
Allotropy, of iron, 24 
importance, 26 
in metals, 24 
Alloy, definition, 28 
Alloy cast iron, properties and struc- 
ture, 205-208 

Alloy steels, die steels, 253, 260-264 
high-alloy, chromium steels, consii 
lution, 232-234 

corrosion and oxidation, 238, 
239 

heat treatment, 234-236 
machinability, 162 
properties, 236, 237 
structure, 232-234 
classes, 230 

corrosion resistant, 366 
creep, 384 
description, 65 

18-8, carbide precipitation, 242 
244 

constitution, 240-242 
properties, 244, 245 
low-temperature properties, 388- 
390 

manganese steels, constitution, 
248 

properties and uses, 248-250 
nickel steels, properties, 245-247 
low-alloy, balanced compositions, 

corrosion resistance, 562 
protective coatings, 364 
description, 64 

effect of chromium and nickel, 
8 19, 220 

effea of copper and molybdenum, 

221 


Alloy steels, low-alloy—Continued 
effect of manganese and silicon, 
216-219 

effect of phosphorus, 216-219 
effect of vanadium and tungsten, 
221 

low-temperature properties, 390 
machinability, 162 
relation to strength, 159, 160 
S.A.E. steels, composition, 224, 
225 

properties, 225-228 
strength- weight ratio, 309 
structural grades, composition, 
221-223 

properties, 223 
types, 28 

manganese in, amount and effect. 
59 

oxygen in, amount and effect, 55-57 
prosphorus in, amount and effect, 

52 

plastic flow, 30 
precipitation hardening, 288 
silicon in, amount and effect, 60 
sulphur in, amount and effect, 53, 
54 

tool steels, 253, 260-264 
Alloying elements, effect on carbon 
steel, 82-84, 215 
effect on hardenability, 100 
effect on tranformation tempera- 
ture, 97-101 

Alloys, industrial, groups, 9 
Alnico, properties and uses, 245-247 
Alpha iron, effect of alloying ele- 
ments, 216 
structure, 24 

Aluminum, corrosion resistance. 368 
history, 290 
manufacture, 291 

Aluminum alloys, cast, characteris- 
tics, 301 
classes, 301-304 
composition, 301, 304 
die castings, properties and uses, 
306 

elevated-temperature properties, 

587 

endurance limit, 306 
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Aluminum ^Moys, ^Continued 

low-temperature properties. 388- 
S90 

mechanical properties, 303-305 
permanent-mold castings, 306 
cold working, 296 
corrosion resistance, 299, 368 
hardness, 298, 306 
hot working, 294 
machinability, 162, 163 
melting and casting, 292 
modulus of elasticity, 306 
specific gravity, 298, 304 
strength-weight ratio, 309 
wrought, characteristics, 299, 300 
composition, 295 
corrosion resistance, 299, 300, 368 
development, 293 
endurance limit, 295 
fabrication, 297 
heat treatment, 298 
manufacture, 294 
mechanical properties, 295, 298 
uses, 298-300 

Aluminum bronze, properties and 
uses, 323 

Aluminum-copper alloys, cast, prop- 
erties, 301-305 
constitution, 274-276 
heat treatment, 274-277 
mechanical properties, 276 
precipitation hardening, 275-277 
strength-weight ratios, 309 
structure, 276, 277 
wrought, properties, 295, 298 

Aluminum-magnesium alloys, cast, 

305 

precipitation hardening, 278 
wrought, 295 

Aluminum-silicon alloys, cast, 305 

Annealing, operation of, 103 
steel, effect on properties, 104 
effect on structure, 104 

Austempering, 110 

Austenite, defined, 68 
properties, 69 

Austenitic steel, see Chromium-nickel 
steel (18-8) and Manganese 
steel, high magnanese 


B 

Basic steel, electric, manufacture, 44- 
46 

quality, cost and uses, 47 
open-hearth, manufacture, 40 
chemistry of, 42-44 
quality, cost and uses, 47 
processes described, 38 


Bearing metals, cadmium-base, 337 
composition, 333 
copper-base, 336 
engineering requirements, 333 
oil-less bearings, 339 
silver-base, 338 
white metals, 333-335 
Bend tests, value of, 136 
Blast furnace, 35 
chemical reactions in, 37 
Brass, characteristics, 316-320 
classes, 316-318 
cold working. 317-319 
constitution, 316, 317 
corrosion resistance, 318-322 
creep, 385 

endurance limit, 321 
hot working, 317-319 
machinability, 162, 163, 318 
mechanical properties, 316-320 
at low temperatures, 389 
modulus of elasticity, 322 
season cracking, 319, 321 
Bridge wire, properties, 185 
Brinell hardness, determination, 130 
relation to tensile strength, 133-135 
Bronze, aluminum bronze, 323 
copper -silicon bronze, 324, 325 
creep, 385 

endurance limit, 322, 323 
hot working, 322 
machinability, 162, 163 
mechanical properties, 323-325 
modulus of elasticity, 322, 323, 325 
phosphor bronze, 322 


C 

Cadmium -base bearing metals, 337 
Carbide precipitation, chromium' 
nickel steel (18-8), <42-244 
effect on corrosion, 243, 244 
Carbon monoxide in steel, 57-59 
Carbon steel, annealing, effect of. 104 
carbon monoxide in, 57-59 
carburizing, 112 

castin|f8, endurance ratio, 147, 175 
engineering uses, 172 
grades, 172, 173 
mechanical properties,- 173-175 
strength-weight ratio, 309 
structure, 79. 173, 174 
cold worked, endurance limit, 185 
engineering uses, 179 
impact resistance, 186 
mechanical properties, 180-185 
variables affecting, 184-186 
stress-strain curves, 180 
constitution, 69-71 
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Carbon steel— 
tx)rro8ion resistance, 360 
effect of alloying elements, 362 
protective coalings, 364 
creep, 383-385 

design values, 383 
definition of, 33 
endurance ratio, 147 
free-machining, machinability, 160- 
162 

gases in, 57-59, 62 
degasifiers, 60, 61 
oxygen, amount and effect, 
55-57 

grain growth, 86-88 
^ain-size control, 89-91 
hardenabiliiy, 99-101 
heat treated, endurance ratio, 190 
engineering uses, 186 
mechanical properties, 187-190 
effect of mass, 188-190 
high-carbon, instability as 
quenched, 94-96 
interrupted quenching, no 
normalizing and spheroidizing, 
105 

stresses in quenching, 109 
structure, as quenched, 92-94 
tool steels, 255-258 
hot worked, endurance limit, 178 
engineering uses, 175, 215 
mechanical properties, 175-177 
modulus of elasticity, 178 
impact resistance, at low tempera- 
tures, 390 

killed, described, 57-59 
lead in, effect, 61, 161 
low-carbon, agin^, effect of, 285-287 
for deep drawing, properties, 
167-170 

precipitation hardening, 285-287 
machinability, 160-162 
free machining, 160-162 
relation to tensile strength, 159, 
160 

manganese in, amount and effect, 

5? 

mechanical properties, castings, 

173-175 

cold worked, 180-185 
at elevated temperatures, 377, 

378, 386 

heat treated, 187-190 
hot worked, 175-177 
at low temperatures, 388-390 
normalizing, effect, 105 
oxidization, at elevated tempera 
turc, 358-3^ 
oxygen in, effect, 55-57 
patenting, 111 


Carbon steel— Continued 
phase changes, 72-75 
effect of cooling rate, 76-78 
phosphorus in, effect, 52 
quenching and tempering, mech- 
anism, 91-97 
operations of, 106-108 
rimming, described, 57-59 
silicon in, effect, 60 
structure, effect of alloying ele- 
ments, 82-84, 215, 216 
effect of carbon, 72-75 
effect of cold working, 81, 82 
effect of cooling rate, 76-78 
effect on creep, 282 
effect of hot working, 78-80 
fundamental structure, 68 
sulphur in, effect, 53, 54 
surface hardening, 112-118 
transformation temperatures, 97- 
101 

wear resistance, 165, 166 
Carburizing, operation of, 112 
Cast iron, alloy iron, properties, 205 
208 

carbon in, 192 

gray, corrosion resistance, 360 
definition of, 33 

effect of alloying elements, 205- 
208 

endurance limit, 204, 205 
engineering applications, 194, 195 
evaluation, 203 

heat treatment, effect of, 201-203 
machinability, 160, 162, 163 
manufacture, 194, 195 
mechanical properties, 204, 205 
effect of cooling rate, 200, 201 
effect of graphite size, 201-203 
evaluation, 203 
relation to structure, 198-202 
modulus of elasticity, 205 
strength-weight ratio, 309 
structure, 193 

effect of alloying elements, 205- 
208 

effect of cooling rate, 200, 201 
effect of graphite size, 201 
metal lographic constituents. 

197 

relation to properties, 198-202 
transverse tests, 203 
malleable, see Malleable cast iron 
mottled, described, 194 
white, described, 193 
Cemented carbides, for tools, 350 
Cementite, defined, 68 
properties, 69 

Chromium, in low-alloy steels, effect, 
219* 220 
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Chromium -nickel steel (i8-8), carbide 
precipitation, 242-244 
effect on corrosion, 242-244 
constitution, 240-242 
creep, 384 

endurance limit, 244, 245 
expansion, 244, 245 
impact resistance, 244, 245 
mechanical properties, 244, 245 
thermal properties, 244, 245 
Chromium steels, corrosion resistance, 
238, 366 

high-chromiuni, classes, 231 
constitution, 232-234 

relation to heat treatment. 
234-236 

corrosion resistance, 238, 239 
creep, 384 

endurance limit, 237 
impart resistance, 237 
mechanical properties, 236 
oxidation resistance, 238, 239 
structure, 232-234 
tool and die steels, 263. 264 
low-chromium, for tools. 261-263 
oxidation resistance, 238 
CoefTicient of expansion, chromium - 
nickel steels, 244 
high-nickel steels, 245-247 
Cohesive strength, 140 
Cold working, bronze, 317-319. 322 
carbon steel, advantages, 179 
effect on structure, 81, 82 
object and methods, 48 
Color, nickel-silver alloys, 321 
Constitution, aluminum-copper al- 
loys, 274-276 
brass, 280, 316, 317 
carbon steel, 69-71 
chromium-nickel steel (18-8), 240- 
242 

copper-aluminum alloys, 280 
copper-beryllium alloys, 283 
copper-nickel alloys, 282 
copper-tin alloys, 281, 282 
copper-zinc alloys, 280 
diagram, see Equilibrium diagram 
gray cast iron, 197-199 
high-chi'omium steels, 232-234 
relation to heat treatment, 234- 

S36 

high-manganese steels, 248-250 
iron-carbon alloys, 69-71 
iron-chromium alloys, 233 
iron-nickel-chromium alloys, 240 
silver-copper alloys, 271 
Copper, corrosion resistance, 314 
importance of, 311 
machinability, 162 
manufacture, 312-314 


Copper— Continued 
properties and uses, 314, 315 
Copper-aluminum alloys, constitu- 
tion, 280 

see also Aluminum bronze 
Copper-base alloys, bearings, 336 
composition, 316, 317 
corrosion resistance, 314, 367 
creep, 385 

low-temperature properties, 388- 

390 

nomenclature, 316 
precipitation hardening, 283 
properties and uses, 316, 321 
Copper-beryllium alloys, constitution, 
283 

modulus of elasticity, 326 
properties, 325, 326 
effect of aging, 283 
uses, 325, 326 

Copper-nickel alloys, constitution, 282 
properties and uses, 327-329 
Copper-silicon alloys, properties and 
uses, 324 

Copper steel, corrosion resistance, 362 
effect of copper, 221 
Copper-tin alloys, constitution, 281, 
282 

see also Bronze 

Copper-tin-nickel alloys, aging, 284 
properties, 284 

Copper-zinc alloys, constitution, 280, 
316 

see also Brass 

Corrosion, chemical affinity, 352 
chromium-nickel steel (18-8), 242 
244 

effect on endurance limit, 150 
iron and steel, effect of environ- 
ment, 356 

significance, 353-355 
oxidation, at elevated tempera- 
tures, 358-360 
passivity, 352 

pitting and uniform corrosion, 355 
Corrosion fatigue, 150 
Corrosion resistance, aluminum al- 
loys, 299, 300, 368 
brass, 318-322 
carbon steel, 360 
effect of alloying elements, *362 
protective coatings, 364 
chromium-nickel steel (18-8), 245 
chromium steel, 238, 239 
copper and copper alloys, 314, 367 
evaluation, 357 
gray cast iron, 360 
high -alloy steels, 366 
low-alloy steels, 362 
magnesium alloys, 368 
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Corrosion resistance— Coni in ucd 
nickel and nickel alloys, 343-347» 

367 , 

nitridcd steels, 115 
Cracks, quenching, 95 
Creep, accelerated tests, 376 
carbon steels, 375-378» 
design values, 383 
creep limit, 376 

chromium-nickel steel (18-8), 384 
chromium steel, high chromium, 

384 

copper-base alloys, 385 
determination, 373*375 
effect of grain size and deoxidation, 
380 

effect of structure, 382 
high-alloy steels, 384 
importance, 371 
low-alloy steels, 383 
molybdenum steel, 384 
nickel and nickel alloys, 386 
relation to other properties, 376 
significance, 372 
stages, 377-380 

Critical cooling rate, defined, 92 
effect of alloying elements, 98 
Crystallization of metals, 19 
Crystals, internal structure, 22 
plastic flow, 30 

Cupro-nickel, properties and uses, 

327-329 

D 

Damping capacity, 152-155 
Deep drawing, properties for, 166-168 
steel for, evaluation, 167-170 
tests for, 168-170 
Delta iron, 24 

Die castings, aluminum alloys, 306 
zinc alloys, 340-343 
Die steels, characteristics, 253, 254, 
2^-264 

Duralumin, see Aluminum-copper 
alloys 

Dynamic loads, and metal failures, 

137 

Dynamic properties, see Endurance 
limit and Impact resistance 


£ 

Elastic limit, defined, 123 
determination, 123 
Electrical properties, copper, 315 
copper-base alloys, 315, 325 
copper-nickel alloys, 328 
El invar, properties and uses, 245-247 


Elongation, defined, 126-128 
importance, 128 

relation to gage length, 127, 177 
Endurance limit, aluminum alloys, 
cast, 306 
wrought, 295 
brass, 321 
bronze, 322, 323 
carbon steel, cast, 175 
cold worked, 185 
heat treated, 190 
hot worked, 178 

chromium -nickel steel (18-8), 244 
chromium steel, high chromium, 

237 

copper-beryllium alloys, 32O 
copper-nickel alloys, 327 
definition, 144 
determination, 144-146 
effect of corrosion, 150 
effect of notches, 148-150 
effect of overstressing and under- 
stressing, 151 
gray cast iron, 204, 205 
magnesium alloys, 307, 308 
malleable cast iron, 210 
nickel and nickel alloys, 348 
relation to other properties, 146 
significance, 151 
S-N curves, 145 

steel, ratio to tensile strength, 146, 

J47 

see also Fatigue 

Engineering design, importance of 
weight, 7 

relation to metallurgy, 7 
Equilibrium diagram, construction, 

29 

iron-carbon alloys, 69-71 
iron-chromium alloys, 233 
iron-nickel-chromium alloys, 240 
non-ferrous alloys, 275, 280-284 
value of, 30 
see also Constitution 
Eutectic, defined, 72 
EiUectoid, composition and structuie, 
, . . 72' 73 
definition, 71, 72 

F 

Fabrication, aluminum alloys, 297 
steel, 48, 49 

Fatigue, corrosion fatigue, 150 
failure by, mechanism, 143 
see also Endurance limit 
Ferrite, defined, 68 
properties, 69 

effect of alloying elements, 216 
structure, 24, 73 
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Flame hardening, 115-117 
Forging, see Hot working 

G 

Galvanized steel, structure, 340 
Gamma iron, structure, 24 
Grain growth, at high temperature, 
86*88 

tendency for, control of, 89-91 
Grain size, carbon steel, cold worked, 
81, 82 

hot worked 78-80 
control of, by inclusions. 89 
effect on creep, 380 
effect of heating, 86-88 
relation to grain growth, 86-91 
Gray cast iron, see Cast iron, gray 

H 

Hardenability, carbon steels, 99-101 
effect of alloying elements, 100 
effect of grain size, 100 
tool steels, 253 

Hardening, flame and induction 
hardening. 115-117 
see also Heat treatment, quenching 
Hardness, aluminum alloys, 298, 306 
definition, 128 
determination, 129 
martensite, 93 

* relation to endurance limit, 146 
relation to tensile strength, 133-135 
Hardness tests, accuracy, 132-135 
comparison, 132-135 
importance, 128-132 
standardization of, 121 
Heat treatment, aluminum alloys, 

274-277 

wrought, 298 
annealing, described, 103 
carbon steel, effect on properties, 
187-190 

carburizing, 112 
flame hardening, 115-117 
gray cast iron, effea of, 201-203 
hardenability, lOO 
high-chromium steels, 234-236 
relation to constitution, 232-234 
horhogenization of forgings, 106 
induction hardening, 115-117 
internal stresses in quenching, 109 
normalizing, 105 
object and methods, 48, 103 
patenting, 111 
quenching, cracks^ 95 
effect on structure, 92-94 
instability of structure, 94-96 
interrupted quenching, 110 
mechanism, 91-95 


Heat treatment, quenching— Confin- 
ued 

media, 107 
operation, 106-108 
spheroidizing, 105 
surface hardening, 112-118 
tempering, mechanism, 94-97 
operation, 106-108 
value of, 102 

High-alloy steels, see Alloy steels, 
high-alloy 

High-speed steel, composition, 265- 
267 

molybdenum. 268 
properties and structure, 265-2G8 
Hot working, brass, 317-319 
bronze, 322 

carbon steels, effect on structure. 
78-80 

Hydrogen in steel, 62 
I 

Impact resistance, carbon steel, cast- 
ings, 173-175 
cold worked, 186 
heat treated, 190 
hot worked, 178 

chromium-nickel steel (18-8), 244 
chromium steel, high chromium, 

237 

gray cast iron, 205 
low-temperature impact, 390 
malleable cast iron, 210 
Impact tests, specimens and machines, 
142 

value of, 141 

Inclusions in steel, effect of hot 
working, 55 
oxides, 55-57 
sulphides, 53, 54 
Induction hardening, 115-117 
Ingot iron, description, 62 
Intergranular corrosion, chromium- 
nickel steel (18-8), 242-244 
Intermetallic compounds, defined, 27 
properties and importance, 27, 28 
Invar, properties and uses, 245-247 
Iron, allotropy, 24 
importance, 26 

Iron alloys, age hardening, 288 
Iron-carbon alloys, constitution, 69-71 
phase diamam, 69-71 
Iron-nickel alloys, properties and 
uses, 245-247 

Iron ore, reduction in blast furnace, 

34. 35 

K 

Rilled steel, described, 57-59 
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L 

Lead, in carbon steel, effect, 61 
production from ore, 331 
properties and uses, 539 

Lead-base bearing metals, 334, 335, 
SS8 

Leaded steel, machinability, 161, 162 

Low-alloy steel, see Alloy steels, low- 
alloy 

Low-temperature properties, non- 
ferrous alloys, 388-390 
steel, 388-390 * 

M 

Machinability, brass, 31 S 
evaluation of, 159 
free- machining steels, 160-162 
relative, steel and non-ferrous al- 
1^8. 162 

steel, effect of sulphur and lead, 
160-162 

relation to strength, 159, 160 
tests for, 159, 160 
variables affecting, 157 

Magnesium alloys, corrosion, 368 
machinability, 162 
properties, 307, 308 
specific gravity, 307 
strength-weight ratios, 309 

Malleable cast iron, endurance ratio, 
210 

as engineering material, 208 
impact resistance, 210 
machinability, 162, 163 
malleablizing treatment, 209 
mechanical properties, 210 
modulus of elasticity, 210 
structure, 209 

Manganese, in low-alloy steels, 216- 
219 

in steel, amount and effect, 59 

Manganese steel, high-manganese, 
248-250 

Manganese tool steel, 259 

Martensite, structure and hardness, 
98 

Mechanical properties, alloy cast 
irons, 205-208 

aluminum alloys, cast, 303-305 
wrought, 295, 298 
aluminum bronze, 324 
aluminum-copper alloys, 276 
bearing metals, 334-337 
brass, 316^320 
bronze, phosphor, 323 
carbon steel, castings, 172-175 
cold worked, 180-185 


Mechanical properties, carbon steel— 
Continued 

effect of manganese, silicon, and 
phosphorus, 216-219 
at elevated temperatures, 377, 
378. 386 

heat treated, 187-190 
‘ hot worked, 176-179 
chromium-nickel steel (18-8), 244, 

245 

chromium steel, high chromium. 

236. 237 
copper, 315 

copper-beryllium alloys, 283, 325 
copper-nickel alloys, 327-329 
copper-nickel -tin alloys, 284 
copper-silicon alloys, 325 
dynamic properties, classes, 137 
determination, 137 
elevated-temperature tensile prop- 
erties, 387 

relation to creep, 376 
gray cast iron, 204, 205 

effect of cooling rate, 200, 201 
effect of graphite size, 201 
improving, 200-203 
relation to structure, 198-202 
high-manganese steel, 248-250 
low-alloy steels, S.A.E. steels, 225- 
228 

comparison, 227-229 
structural steels, 221-223 
low-temperature properties, 388- 
390 

magnesium alloys, 307, 308 
malleable cast iron, 210 
nickel and nickel-base alloys, 343- 
347 

nickel silver, 319-321 
static properties, determination, 
121-129 

standardization, 120 
see also Hardness, Impact resis- 
tance, Modulus of elasticity, 
Tensile strength, etc. 

Metal industries, recent trends, 10 
effect on metallurgy, 11 
specifications and trade names, 15- 
>5 

Metallic compounds, see Intermetal- 
lic compounds 

Metallic materials, cost, relation to 
importance, 8 
value to man, 8 
world production, 9, 10, 331 

Metallurgy, art of, 3 

relation to changes in metal in 
dustries, 11 
field pf, 2 

rdaiion to engineering, 7 
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Metallurgy— Con^tnu^d 
relation to physics and chemistry, 2 
science of, 4 

relation to changes in metal in- 
dustries, 11 
Metals, allotropy, 24 
causes for metallic properties. 18 
cleavage planes. 19 
common, world production, 9. 10, 
331 

crystallization, 19 
definition of, 17 
internal structure, 22 
plastic flow, 30 

Modulus of elasticity, aluminum al- 
loys, 306 
brass, 322 
bronze, 322, 325 
carbon steels, 178 
chromium-nickel steel (18-8), 245 
copper-beryllium alloys, 326 
definition and determination, 123 
gray cast iron, 205 
high-nickel steels, 246, 247 
malleable cast iron, 210 
nickel and nickel alloys, 347 
Modulus of rupture, gray cast iron. 
203 

Molybdenum, in steel, effect, 221 
Molybdenum high-speed steel, 265- 
268 

Molybdenum steel, creep, 383, 384 
Monel, CTeep, 386 
machinability, 162 
properties and uses, 345 '347 


N 

Nickel, effect in low-alloy steel, 219, 
220 

production from ore, 331 
properties and uses, 343-345 
Nickel-base alloys, corrosion resis- 
tance, 367 
creep, 386 

modulus of elasticity, 347 
properties and uses, 345-347 
Nickel -copper steel, corrosion resis- 
tance, 363 

Nickel silver, properties and uses, 
318-321 

Nickel steel, high-nickel, properties 
and uses, 245-247 
Nitrided steel, properties, 115 
NitrMing, operation of, 1 14 
Nitrogen in steel, 62 
Nomenclature, metal products, 13-15 
Normalizing, effect on structure and 
properties, 105 


Notch sensitivity, 139 
relation to cohesive strength, 140 
relation to endurance limit, 148 
Notches, effect on endurance limit, 
148-150 

O 

Oxidation resistance, 358-360 
chromium-nickel steel (18-8), 245 
chromium steel, high chromium, 
238. 239 

Oxygen Jn steel, 55-57 

P 

Patenting, 111 
Pearlite, composition, 72 
properties and structure, 72, 73 
Permalloy, properties and uses, 245- 
247 

Phase changes in carbon steels, 72-75 
effect of coolirig rate, 76-78 
Phase diagram, see Equilibrium dia- 
gram 

Phosphide eutectic in cast iron, 197 
Phosphor bronze, properties and uses, 
322 

Phosphorus, in steel, amount and ef- 
fect, 52 

low-carbon steel, effect, 216-219 
Pig iron, defined, 33 
manufacture of, 35 
chemical reactions, 37 
Powder metallurgy, 348-350 
Precipitation hardening, 270-274 
alloy steels, 288 

aluminum-copper alloys, 275-277 • 

aluminum-ma^esium alloys, 278 
copper- beryllium alloys, 283 
copper-tin-nickel alloys, 284 
effect of particle size, 272-274 
illustrated by silver-copper alloys, 
270-272 

low'-carbon steel, 285-287 
mechanism, 272-274 
value of, in non-ferrous alloys, 285 
Proportional limit, defined, 123 
determination, 123 

Q 

Quenching, see Heat (treatment, 
quenching 

R 

Reduction of area, defined, 126-1 28 
determinatiott, 126-128 
value, 128 
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Rimming steel, described, 57*59 
Rockwell hardness, determination, 
130 

relation to other hardness values. 
Rolling, sec Hot working 


S 


S.A.E. low-alloy steels, composition 
and properties, 224-228 
as engineering materials, 227-229 
Seams, in steel, cause, 58 
Season cracking, brass, 319, 321 
Shear tests, 135 

Silicon, in steel, amount and eflfect, 
60 

low-alloy steels, effect, 216-219 
Silver-base bearing metals, 338 
Silver-coppelE* alloys, precipitation 
hardening in, 271 
Sintered hard carbides, 348-350 
Solid solution, defined, 29 
Space lattice, defined, 22 
types of, in metals and alloys, 22 
Specific gravity, aluminum alloys, 
298, 304, 307 
magnesium alloys, 307 
Specifications for metal products, 13- 
*5 

Spheroidizing, effect on structure and 
properties, 108 

Stainless steel, see Chromium -nickel 
steel (18-8), and Chromium 
steels, high-chromium 
Steel, manufacture, acid and basic, 38 
high quality, 44 
cost and uses, 47 
summary of processes, 47 
mechanical treatment, 48 
Stellite, properties and uses, 350 
Strength-weight ratios, non-ferrous 
alloys, 309 

steel and cast iron, 309 
Stresses in quenching, 109 
Sulphur in steel, amount and effect. 


53 * 54 

Surface hardening, 112-118 


T 

Technical cohesive strength, 140 
Tempering, see Heat treatment, tem- 
pering 

Tensile strength, relation to endur- 
ance limit, 146 
relation to hardness, 133-135 
Tensile tests, accuracy, 121 
importance. 121-128 


Tensile Continued 
specimens, 127 
standardization, 120 
Thermal conductivity, chromium- 
nickel steel (18-8), 244 
Tin, production from ore, 331 
properties and uses, 339 
Tin-base bearing metals, 333 
Tin bronze, properties and uses, 322 
Tool steel, chromium in, function, 
260-262 

classes of, 252-254 
composition, 253 
evaluation, 254 

high-carbon, characteristics, 255- 

257 

effect of tempering, 257 
hardenability, 257, 258 
machinability, 162 
uses of, 255-257 
high-chromium, 263, 264 
high-speed, 265-268 
high-tungsten, 263, 264 
manganese steels, 259 
molybdenum in, function of, 260- 
262 

molybdenum high-speed, 268 
performance tests, 255 
tungsten in, function of, 260-262 
Tools, hard carbides, 350 
Stellite, 350 

Trade names, advantages and disad- 
vantages, 13-15 

Tungsten steel, for tools and die.s, 
260-264 


V 

Vanadium in low-alloy steel, effect, 
221 

Vickers hardness, determination, 131 
. W 

Wear of metals, types, 163 
Wear resistance, carbon steel, 165, 166 
evaluation of steel for, 165 
materials used for, 164, 165 
variables affecting, 164 
Wear testing, 165 
Wire, bridge wire, 111, 185 
carbon steel, properties, 181-184 
patenting, 111 
Wrought iron, described, 62 

Y 

Yield point, defined, 125 
ilcicrmlnation, 125 
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Yield point— Con/mued 
double point, 126 
value, 126 

Yield strength, defined, 125 
determination, 125 
importance, 126 


Z 

Zinc, production from ore, 331 
properties and uses, 340, 342 
ZinC'base alloys, for die castings, 340 

341 

properties, 343 






